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ABSTRACT  
Traditional hardmetals based on a cobalt-based tungsten carbide (WC) system are 
currently the most commonly used hard materials in a wide range of applications, in 
particular rock drilling tools and cutting tools for metals, plastics, wood and composite 
materials, due to their outstanding properties in terms of hardness, fracture toughness and 
wear resistance. The interest in finding alternative binders has been driven by the need 
for the protection of human health and the environment, since binder alloys including 
cobalt (Co) and nickel (Ni) are reported as being carcinogenic to human health and toxic 
chemicals for the environment. In addition, Co binder has another important drawback: 
the fluctuation in its high price due to its poor availability. Thus, this investigation aims 
to develop novel hardmetals with outstanding properties avoiding the use of Co and Ni. 
Within this framework, a chromium-based (Cr-based) alloy is proposed as an alternative 
binder, as a consequence of its easy availability, reduced price, lower toxicity compared 
to Co and/or Ni alloy, and the possibility of providing an improvement in the oxidation 
and wear resistance of the hardmetals.  
In the present investigation, the development of Cr-based WC hardmetals is based on a 
combination of thermodynamic modelling (Thermo-Calc with database TCFE7) and 
experimental studies. Firstly, Thermo-Calc is used to optimise the compositional design 
by studying the effect of adding extra iron (Fe) or extra iron and carbon (Fe/C) contents 
on the phase formation. Then, the hardmetals are processed by a powder metallurgy (PM) 
route including mechanical milling of the powders and two different sintering techniques: 
liquid phase sintering (LPS) and spark plasma sintering (SPS). Commercial powders are 
used as raw materials to prepare Cr-based WC hardmetal powders with 70 vol.% of 
reinforcement (hard WC) by mechanical milling at 350 rpm during 20 h of milling time. 
The average size of the WC particles embedded in the Cr-based WC hardmetal powders 
is close to 80 nm, which demonstrates that high-energy milling is an efficient way to 
produce nanoscale WC particles in these Cr-based hardmetal powders. Then, Cr-based 
WC hardmetals with the designed compositions (a 3 wt.% of extra iron content and extra 
carbon contents varying from 0 to 2 wt.%) are processed by liquid phase sintering at 1450 
°C for 30 min. The LPSed Cr-based WC hardmetal with extra 3 wt.% Fe and 1 wt.% C 
contents has achieved the best hardness and facture toughness values (1647 HV30 and 
6.0 MPam1/2). However, the fracture toughness achieved is still not sufficiently high due 
to the existence of large brittle carbides within the microstructure, together with a porosity 
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greater than 3%. Thus, the viablity of using an alternative processing route by field 
assisted solid-state sintering is also studied, in order to limit or prevent the formation of 
undesirable brittle carbides and further improve the hardness/fracture toughness 
relationship in these materials. Consequently, the parameters for the consolidation by 
spark plasma sintering are optimised based on their effect on shrinkage, phase formation, 
microstructure and mechanical properties. Thus, a sintering temperature of 1350 ºC, a 
heaing rate of 400 °C, and an applied pressure of 80 MPa during a holding time equal to 
10 min, are benificial experimental conditions to improve the relative densification of the 
bulk sample while maintaining a nanosized WC grain. The SPSed Cr-based WC 
hardmetal with an extra 3 wt.% Fe content and extra 0.5 wt.% C content reaches the best 
combination of hardness and toughness fracture values (2219 HV30 and 8.2 MPam1/2). 
This extremely high hardness comes from the uniform distribution of nanosized prismatic 
WC grains (around 100 nm), whereas the good toughness is due to the achievement of a 
near full densification (> 99%), the existence of a thin (W,Cr)2C interphase between WC 
and Cr2O3 acting as a bonding phase, and to the inhibition of the formation or growth of 
undesirable brittle carbides. In addition, this hardmetal achieves the highest compressive 
strength in a temperature range between 25-600ºC, which is also related to its high 
hardness and toughness values. All the SPSed Cr-based WC hardmetals evaluated in this 
study have reached a higher oxidation resistance than Fe-based and Co-based WC 
hardmetals under the same oxidation conditions, mainly due to their high values of 
activation energy for oxidation. Another important property required for hardmetals, as 
is the case of wear resistance, is found to be outstanding for these SPSed Cr-based WC 
hardmetals, even under aggressive wear conditions, in comparison to other commercial 
Co-based WC hardmetals. 
In conclusion, the newly developed SPSed Cr-based WC hardmetals presented in this 
work exhibit an excellent combination of hardness, toughness, oxidation resistance and 
wear resistance. Furthermore, these Cr-based WC hardmetals have a lower price and are 
less toxic than Co-based or Ni-based WC hardmetals. Therefore, Cr-based hardmetals 
seem to be promising materials for their introduction in industrial applications, in 
particular for those in which high oxidation and wear resistances are demanded.  
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1.1 Nature of hardmetals 
The terms “hardmetal” and “cemented carbide” are equivalent. “Hardmetal” is commonly 
accepted in Europe and “cemented carbide” is preferably used in North America. In this 
work, the designation of hardmetal will be used. The usual constituents of hardmetals 
comprise two phases: the embedded hard and brittle carbide (usually WC, TaC or NbC) 
and the relatively soft and ductile metallic binder (commonly Co, Ni or Fe) or their 
compounds [1]. Figure 1.1 shows the microstructure of the most widely used WC-6 wt.% 
Co hardmetal. The hard phase WC with the shape of triangular prisms (bright color) is 
embedded in the soft Co phase (dark color). 
  
Figure 1.1. Typical microstructure of a WC-Co hardmetal (SEM image) [1] .  
The traditional process of hardmetal production is based on a powder metallurgy route, 
including the following steps: milling of powders, pressing, pre-sintering, liquid phase 
sintering (LPS) or solid phase sintering by hot isostatic pressing (HIP) [2]. During a liquid 
sintering process the binder phase transforms into the liquid state, while the hard phase, 
having a higher melting point than the sintering temperature, remains in solid state. Thus, 
the hard carbide grains are embedded into the soft binder phase after cooling, creating a 
composite material with excellent properties. The high hardness and high wear resistance 
usually found in hardmetals come from the hard phase, whereas the soft bonding metallic 
alloy enhances the toughness, what finally makes hardmetals to exhibit a good 
combination of properties, including high hardness, high strength with acceptable fracture 
toughness, high wear resistance, high corrosion resistance, low coefficient of thermal 
expansion, high chemical stability, etc. [3]. Recently, solid-state sintering is also adapted 
to obtain fine-grained hardmetals, where the heating temperature is lower than the melting 
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point and fast heating rates are applied to reduce the growth of grain size and the total 
processing time [4]. By adjusting different parameters, including grain size, binder 
content, refractory carbide addition and carbon content, a manufacturer of hardmetals can 
design the performance according to the specific applications or requirements from 
clients or customers [5]. A wide range of properties of commercial WC-Co hardmetals is 
listed as followed: density (9.0-15.0 g/cm3), Vickers hardness (1100-2200 HV), 
toughness (8-25 MPam1/2), transverse rupture strength (1000-3000 N/mm2), hot 
transverse rupture strength (900-1000 N/mm2), and compressive strength (4000-7000 
MPa) [5]. Therefore, hardmetals are extensively used in industrial and daily applications 
such as cutting tools (turning and milling of metallic and nonmetallic materials), mining 
tools (oil well drill bits and rock drill bits), snow plows, road work, nozzles (sand blasting 
and painting), abrasive waterjet, etc. (Figure 1.2) [6].  
 
Figure 1.2. Applications of hardmetals [6]. 
There are also other types of hard materials utilised as cutting tools, but hardmetals are 
the most commonly and widely used. Figure 1.3 shows the classification of the hard 
materials and their corresponding use in the global metal cutting market [7]. These hard 
materials are divided into different categories based on their different combinations of 
hardness and toughness values. The hardest material is the diamond, followed by cubic 
boron nitride (CBN) and ceramics, and therefore their applications are focused on 
abrasion resistant materials where a high level of hardness is needed. Cermets are based 
on titanium carbonitrides with varied amounts of other alloying elements (Mo, W, and 
Ta) and metallic binders. Cermets have a typical core-rim structure: core composed of 
Ti(C,N) and rim of (Ti, N, Mo, W, Ta)C, which generally leads to a higher level of 
hardness than that achieved by hardmetals, since Ti(C,N) is harder than WC [8-9]. The 
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inferior fracture toughness and bending strength of cermets than hardmetals indicates why 
hardmetals are preferred when impacts or vibrations are applied. On the other hand, high-
speed steels (HSS) can withstand relatively high temperatures without losing their 
hardness. However, in the metal cutting market, hardmetals have gradually taken over 
high-speed steels in many of the tool applications since the usable cutting speed range of 
high-speed steels is lower compared to hardmetals. 
 
Figure 1.3. Materials and market shares used in the manufacturing of cutting tools [7]. 
Hardmetals are currently the most important technical hard materials covering a wide 
range of hardness and toughness combinations. As it is shown in Figure 1.3, hardmetals 
always take the largest share of the global metal cutting market. From the economic point 
of view, a small but productivity-enhancing improvement in cutting tools may result in a 
vastly great saving in the operational outlay. The invention, development and application 
of hardmetals have greatly saved the cost of products and improved their efficiency, 
which have led to a great economic value. More specifically, the cost of manufacturing 
(such as turning, milling, cutting and drilling) has been significantly reduced [10]. 
Nowadays, Kennametal (USA) and Sandvik (Sweden) are the two largest hard materials 
producers in the world. The development of hardmetals has led to an increasing rise of 
production in the past 90 years, as shown in Figure 1.4. The main increasing consumption 
of hardmetals comes from the rising tendency to manufacture metal parts of complex 
geometries under the influence of computation numerical control [8]. Nowadays, 
hardmetals is playing a key part in the growth of the world economy.   
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Figure 1.4. Worldwide production of hardmetals in the period of years between 1930-2018 [8]. 
1.2 History of hardmetals 
The origin of hardmetals comes from the light bulbs industry and the need to produce 
tungsten filaments. The main purpose of Fried Krupp’s group (Germany) was to develop 
a material to replace diamond in the dies for production of tungsten filament. Thus, they 
invented a WC-Co material that would bring a revolutionary improvement of metal 
cutting in 1923 [11]. The development of hardmetals has evolved from a temporary 
solution in industry to a very successful and almost irreplaceable material for the 
manufacturing industry after a period of more than 90 years. Table 1.1 shows some 
important developments in the hardmetals chronology from the very beginning (the 
optimal combination of WC and Co was chosen) to some new trends in hardmetals [12]. 
WC-Co consisting of 6 wt.% cobalt binder was firstly introduced to the market by Fried 
Krupp in 1925 under the name Widia (“like diamond” in German) which survived today 
[5]. In many industrial environments, the name “widia” is used as a generic name for 
hardmetals. Klaus Dreyer and Hans Kolaska published an invention related to hardmetal 
body and the process for its production in 1926 [13]. Then, one major discovery promoted 
the development of hardmetals in the 1940s and provided economic advantages in the 
cutting industry: a small addition of refractory carbides would improve the performance 
of WC-Co hardmetals [14]. Therefore, TiC, TaC, VC, Cr3C2, NbC, and HfC were added 
in the WC-Co based hardmetals to obtain a higher cutting performance [5]. Hot isostatic 
pressing (HIP) technique was applied to decrease the porosity of hardmetals, thus further 
improving the mechanical properties and workability [15]. Another important advance 
happened in the late 1960s and early 1970s with the application of coatings like TiC, TiN, 
TiCN and Al2O3 on hardmetal tools, which were extremely hard and with high abrasion 
resistance [16].  More than 80% of all turning inserts and about 70% of all milling inserts 
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were coated to extend the whole lifetime in industrial applications [17]. In the late of 
1970s, the multilayer coatings including carbide/carbonitride/nitride layer sequences 
were developed with exactly tailored properties for each respective application [18]. Ni, 
Fe, and other binders were used in 1997 to fully or partially replace Co binder due to its 
limited availability and its toxicity [19]. According to the Hall-Petch relationship [20], 
the mechanical behavior of the material may improve significantly when the grain size is 
reduced to a nanometer scale. Fine grained WC-Co (WC grain size < 1 µm) hardmetals 
were introduced as early in 1946 [21]. These hardmetals tended to replace quickly high-
speed steels for applications requiring high levels of hardness, wear resistance, and 
cutting speed. However, nanosized hardmetals were not developed until 1995, since the 
growth of grain size was quickly fast and uncontrolled under the traditional liquid phase 
sintering. After the 20th century, new sintering processes were widely used to obtain 
nanostructured WC-Co hardmetals with outstanding properties by varied field-assisted 
sintering techniques (FAST), such as microwave sintering [22], high-frequency induction 
heated sintering (HFIHS) [12-13], pulse plasma sintering (PPS) [25], field-assisted hot 
pressing (FAHP) [26] and spark plasma sintering (SPS) [27]. Meanwhile, there has been 
a trend to use calculation of phase diagrams as a tool to promote fundamental 
understanding and to speed up the development of hardmetals [28]. The recent 
development of hardmetals over 1990-2018 includes changes from submicron to 
nanocrystalline hardmetals, use of alternative binders, and application of integrated 
computed material engineering for developing new hardmetals. 
Table 1.1. Important developments of hardmetals [12]  
1923-25 WC-Co 
1926 The patent of hardmetals 
1929-31 WC-TiC-Co 
1930-31 WC-TaC(VC,NbC)-Co 
1938 WC-Cr3C2-Co 
1946 Sub-micron WC-Co 
1956 Hot isostatic pressing  
1965-78 WC-TiC-Ta(Nb)C-Cr3C2-Co 
1965-75 TiC, TiN, Ti(C,N), HfC, HfN and AI2O3 coatings 
1968-69 WC-TiC-Ta(Nb)C-HfC-Co 
1968-69 WC-TiC-Nb(Ta)C-HfC-Co 
1974-77 
Multi-carbide, carbonitride/nitride and multiple carbide/carbonitride/nitride 
coating 
1994 Fine-grain WC/Co agglomerates in tougher WC/Co matrix 
1995 Nanosized hardmetals 
1997 Ni, Fe substitute Co partial or fully 
After 20th 
century 
Modern sintering technologies such as microwave sintering, HFIHS, PPS, 
FAHP, SPS, Integrated computed material engineering 
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1.3 Nanosized hardmetals 
The microstructural design of hardmetals consisting of a hard phase and a soft phase 
determines the balance between hardness and toughness values. It was difficult to obtain 
traditional hardmetals with high hardness and high toughness simultaneously, which 
restricted their further application. Therefore, over the past three decades, substantial 
research works have been focused on the synthesis of hardmetals with nanocrystalline-
grain structure, which could improve their hardness dramatically, and maintain the good 
level of toughness. Jia et al. [29] reported that the hardness of nanostructured hardmetals 
could achieve extremely high levels of hardness values, higher than 2000 HV, with a 
slight decrease of toughness, as shown in Figure 1.5. The authors demonstrated that the 
deformation mechanism depended on grain boundary sliding. The high strength in 
nanosized hardmetals was due to the large volume fraction of grain boundaries, which 
impeded the motion of dislocations and improved the fracture toughness. In order to 
synthesise WC-Co hardmetals with nanoscale grain size, numerous studies have been 
attempted to prepare nanosized WC-Co powders and then different field-assisted 
sintering techniques have been subsequently introduced to consolidate the final products.    
 
Figure 1.5. Fracture toughness versus hardness of WC-Co hardmetals comparing nanocrystalline 
composite samples to conventional composite samples [29]. 
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Table 1.2 lists the average grain size and mechanical properties of some nanocrystalline 
WC-Co hardmetals consolidated by different sintering techniques.  
Table 1.2. Hardness and fracture toughness of consolidated WC-Co hardmetals with nanosized WC.  
Composition Consolidation 
process 
Sintered average 
grain size (nm) 
Hardness 
(HV30)a 
Fracture toughness 
(MPam1/2)b 
WC phase 
(wt.%) 
WC-0.6VC-10Co [30] HP 169 2084 8.8 89.4 
WC-14Co [31] HP 100 1100 14.0 86.0 
 WC-10Co [32] SPS 200 2030 13.5 90.0 
WC-12Co-1.5VC [33] SPS 470 1587 11.4 86.5 
WC-12Co [33] SPS 800 1450 10.9 88.0 
WC-12Co [34] SPS 280 1569 9.5 88.0 
WC-12Co-0.9VC [34] SPS 180 1726 9.1 87.1 
WC-12Co-0.9NbC [34] SPS 260 1620 8.6 87.1 
WC-12Co-0.9Cr3C2 [34] SPS 220 1685 10.0 87.1 
WC-10Co [35] SPS 350 1800 12.0 90.0 
WC-10Co-0.8VC [36] SPS 100 1887 11.5 89.2 
WC-10Co [37] HFIHS 270 1886 13.5 90.0 
WC-12Co [38] PPS 60 2250 15.5 88.0 
WC-6Co [39] Rapid 
omnidirectional 
compaction+HIP 
350 2025 8.5 94.0 
a For uniforming the unit of hardness, the hardness values from the original paper were converted to Vickers 
hardness. 
b Fracture toughness values were obtained based on the palmqvist indentation method. 
Lin et al. [30] produced WC-0.6VC-10Co hardmetals with nanosized WC powders by 
monoaxial vacuum hot pressing (HP). The microstructure observation revealed the 
restriction on the grain growth of WC from starting powders due to the VC addition. The 
average grain size of WC, hardness and toughness values of the sintered hardmetals were 
169 nm, 2084 HV30 and 8.8 MPam1/2, respectively. However, the inhomogeneous 
distribution of the Co binder reduced the improvement of the toughness of the ultrafine 
hardmetals. Sherif et al. [31] obtained the nanocrystalline WC powders by high-energy 
ball milling of W and C powders. The X-ray diffraction results revealed the only existence 
of a single hcp-WC phase with a size of 70-90 nm. The consolidated WC-Co hardmetals 
still maintained the nanocrystalline structure with an average grain size of 100 nm. 
However, the hardness decreased dramatically to 1100 HV30 due to the high content of 
Co binder. Zhao et al. [32] analysed the properties of WC-10Co hardmetals sintered by 
SPS using different conditions of raw powders: sub-micron WC/nano-Co mixed powders 
and sub-micron WC/micron Co. The samples prepared with the nano-Co mixed powders 
had low hardness (<1800 HV30) and low fracture toughness (<8 MPam1/2), since the 
smaller Co particles could not cover the WC particle with a thin film and the difference 
between the conductivity of the powders and the die tools led to inhomogeneous 
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distribution of temperature. In the case of sub-micron WC/micron Co, the milled WC-Co 
powders showed nanocrystalline WC particles with a thin film of Co coat, which was 
very favourable for the electric current distribution during the SPS process, leading to a 
good combination of hardness (2030 HV30) and toughness (13.5 MPam1/2). 
Sivaprahasam et al. [33] studied and determined the microstructure, grain size, hardness 
and fracture toughness values of WC-12Co nanocrystalline hardmetals with powders (40-
250 nm) consolidated by SPS. Addition of VC, as grain growth inhibitor, improved the 
hardness and toughness simultaneously. The improvement of hardness in this hardmetal 
could be directly correlated with the finer WC grain size and homogenous cobalt 
distribution, whereas the toughness was enhanced by the addition of VC which probably 
reduced the crack propagation in the cobalt layer and at the interface. Huang et al. [34] 
systematically investigated the effect of three different VC, NbC, and Cr3C2 grain growth 
inhibitors on the microstructure and the mechanical properties of WC-12Co hardmetals 
sintered by SPS and LPS. The microstructural results revealed that the solid state sintering 
by SPS was very effective to limit the growth of WC grain size when compared to the 
traditional LPS. The addition of inhibitors was also efficient in the solid state sintering. 
What is more, the effect of VC carbide as grain growth inhibitors was more significant 
than those obtained for NbC and Cr3C2, resulting in a higher hardness and lower 
toughness. On the other hand, the addition of Cr3C2 enhanced the hardness and toughness 
simultaneously. Cha et al. [35] and Zhu et al. [36] also reported similar mechanical 
properties of nanocrystalline WC-10Co hardmetals consolidated by SPS. Kim et al. [37] 
used high-frequency induction heated sintering (HFIHS) with a rapid consolidation 
system (less than 2 min) of WC-Co hardmetals. The average WC grain size, the fracture 
toughness and hardness values were 270 nm, 1886 HV30 and 13.5 MPam1/2, respectively. 
Michalski and Siemiaszko [38] reported an exceptional combination of hardness and 
toughness (2250 HV30 and 15.3 MPam1/2) when WC-12Co hardmetals with an average 
WC grain size of about 60 nm were sintered by pulsed plasma sintering (PPS). A patent 
regarding “dense fine grained monotungsten carbide-transition metal cemented carbide 
body and preparation” was approved in 1998 [39]. These ultra-fine hardmetals consisted 
of a transition metal binder phase selected from the group VIII (Fe, Ni and Co) and WC 
grains (< 500 nm in diameter). Hardmetals were formed by mechanical mixing of WC 
with the binder metal powder, shaping of the mixture by rapid omnidirectional 
compaction (ROC) and sintering by hot isostatic pressing, uniaxial hot pressing, or 
pressureless vacuum sintering. The authors revealed a good combination of hardness and 
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toughness values (2025 HV30 and 8.5 MPam1/2). Nowadays, commercial processes are 
available for producing nanosized WC particles. However, the control of the grain growth 
during sintering and the achievement of nano-scale grain size in bulk hardmetals at the 
sintering state are still critical technology challenges [40]. 
1.4 Alternative binders  
Cobalt has been the optimal binder for more than 90 years due to its excellent solubility 
in WC, leading to an outstanding combination of hardness and toughness [41]. However, 
the high price and unstable cost of cobalt are the two direct reasons for industry to look 
for alternative binders to cobalt [28]. Some Fe-based binders were developed to be used 
in some wear parts and wood working where the price was more critical than the 
production rate [7] [19]. Currently, the research of alternative binders in hardmetals 
industry is also driven by the new European Community Regulation on chemicals and 
their safe use, known as the REACH regulation [42]. Both Co powder and Co-based 
hardmetals have been included as ‘‘reasonably anticipated to be human carcinogens’’ in 
the 14th report on carcinogens of November 2016 [43]. The Horizon 2020 program 
continued to support innovators to bring green solutions to the market aiming at seeking 
to reduce or replace the use of cobalt as binder alloy [44], since the traditional Co-based 
binder is a threat to the human health. Some investigations have proven the toxicity 
factors of cobalt application. An industry-wide mortality study on the association between 
lung cancer and exposure to cobalt and tungsten carbide, showed that those workers 
exposed to Co-based hardmetals had an increased mortality from lung cancer [45]. The 
potential health risk of inhalation of WC-Co hardmetal raw powders and dust in the 
industry production lines was also reported by Wild et al. [46]. Bastian et al. [47] 
published a paper about an acute inhalation toxicity of Co even in a short time and the 
possible carcinogenic effect. So a number of researchers have been searching alternatives 
for the full or partial substitution of cobalt as binder alloy [28]. On one side, cobalt is 
partially or fully substituted by nickel for the improvement of the corrosion and erosion 
resistance [48]. On the other side, due to its availability and low price, iron has been 
considered to suppress the cobalt and reduce the toxicity [49]. We recently firstly reported 
that chromium-based alloy may be another alternative binder to Co [50]. Thus, some 
alternative binder systems have emerged during last decades, as is the case of nickel-
based, iron-based and chromium-based alloys.  
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1.4.1 Ni-based binder systems 
Ni as an interesting alternative binder displays its advantage in corrosion resistance. 
Mingard et al. [51] observed that additions of nickel could stabilize the face centered 
cubic structure to give an austenitic ductile binder, which may improve the corrosion 
resistance of hardmetals. Ekemar et al. [52] also reported that WC-Ni hardmetals showed 
more corrosion resistance than WC-Co hardmetals, especially when Cr and Mo were 
added into Ni-based binders. Another advantage is the similar coefficient of thermal 
expansion between Ni and Fe. Kennametal Inc. applied a patent for welding Ni-based 
hardmetals directly to iron-base substrate in 1981 [53]. This hardmetal comprised a 
tungsten carbide and a binder consisting of 15 to 30 wt.% Ni/Co. Co-based hardmetals 
have a coefficient of thermal expansion which is half that of iron-base metal, so that 
cracks are developed in hardmetal due to the thermal stresses during the welding. When 
a Ni-based binder is used, the thermal cracking would be avoided due to the suppression 
of thermal stresses.  
Barlow [54] investigated the possibility of consolidating WC-Ni hardmetals with 
characteristics comparable to WC-Co hardmetals, in terms of hardness, transverse rupture 
strength and wear resistance. Barlow pointed out that the substitution of Co by Ni in fine-
grained hardmetals was unsuitable due to carbide grain growth and the resulting severe 
strength decrease. A main drawback of Ni-based hardmetals was their reduced 
mechanical strength. So refractory carbides were added into the matrix to improve the 
performance of WC-Ni hardmetals. With VC and TaC as inhibitors, ultrafine WC-Ni 
hardmetals with high hardness were fabricated by utilising high energy milling together 
with SPS [55]. Tracey [56] discussed the status of Ni in industrial WC-Ni hardmetals. It 
was necessary to use increased sintering time and temperature to obtain satisfactory 
densification, which led to a tendency to pick-up carbon from the graphite vacuum 
furnaces leading to graphite precipitation. More importantly, the higher vapor pressure of 
Ni (ten times that of Co) at sintering temperature caused a considerable loss of the nickel 
binder, which needed a more accurate control of the working pressure. An investigation 
of high temperature oxidation of WC-16%Co, WC-16%Ni and WC-8%Co-8%Ni 
hardmetals was performed to study the effect of metallic binders on oxidation resistance 
in the temperature range 500-1200 °C [57]. Oxidation of pure WC was also carried out 
as the reference. Thus, Voitovich et al. [57] found that all metallic binders (Co, Ni and 
Ni-Co) decreased the oxidation rate of WC- hardmetals compared to pure WC. The author 
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further demonstrated that oxidation of binders and features of oxide formation determined 
oxidation resistance of WC-hardmetals. WC-Co hardmetal was the most resistant to 
oxidation, whereas WC-Ni hardmetal was the least resistant to oxidation due to the lowest  
content ratio of MWO4 to MWO4 + WO3 since MWO4 (M=Co, Ni) is the oxide conferring 
more oxidation resistance to the hardmetal. Considering the REACH program, the 
toxicity of Ni is at the same level as that of Co, which could limit further development of 
Ni-based hardmetals.   
1.4.2 Fe-based binder systems 
As mentioned before, the hardmetal industry is very sensitive to the fluctuations and high 
price of Co. Many companies and researchers investigated the possibility of Fe as an 
alternative binder to cobalt due to its low price, easy availability, and no toxicity. 
Alvaredo et al. [58] [59] reported that Fe could be a possible alternative binder for 
bonding TiCN-based cermets. The authors studied the effect of C content on Fe matrix 
cermets using a combination of experimental and thermodynamic methods. The obtained 
results showed a significant influence of the C content on the solidus temperature, which 
influenced the sintering behavior, leading to changes in the microstructure and hardness. 
Many companies and researchers also reported properties and uses of different Fe-binder 
hardmetals as listed in Table 1.3.  
Table 1.3. Properties and applications of some Fe-binder hardmetals. 
Company/ 
Researcher 
binder 
Hardness 
(HV30) 
Density 
(g/cm3) 
TRS 
(MPa) 
Toughness 
(MPam1/2) 
Applications 
Ceratizit [60] FeNiCo 1250 13.1 3500 12.1 Wood cutting 
Tigra [61] FeNiCo 1400 13.1 3800 12.0 
Knives for 
machining wood 
Gille et al. [62] FeNiCo 1817 14.5 3289 12.5 
Partial substitution of 
WC-Co in special 
application 
Marques et al. [63] FeCrNi 1408 13.2 1521 10.9 
Special oxidation 
an wear resistance 
Furushima et al. [64] FeAl 1530 13.1 1180 7.9 
Special oxidation 
resistance 
Ceratizit Inc. reported the application of hardmetals with Fe-Ni-Co as the binder alloy in 
woodcutting [60]. The inserts fabricated with these hardmetals had smaller cutting angles, 
sharper edges, and good wear resistance. Tigra Inc. also developed a similar hardmetal 
with good toughness and high abrasion resistance [61]. Gille et al. [62] reported that WC-
9 wt.%(75Fe-15Ni-10Co) had higher hardness than that of traditional WC-9 wt.% Co 
hardmetals. However, one main drawback in Fe-Ni-Co binder hardmetals was the more 
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difficult control of the carbon balance, in order to achieve microstructures without 
undesirable phases. The nature of the binder formed by Fe-Ni-Co determined the growth 
behavior of WC by influencing the metal-to-carbon bond relationship [65]. The phase 
diagrams of the WC-Co and WC-Fe systems were compared by thermodynamic 
simulations [12]. In general, the addition of Fe narrowed the preferable “carbon window” 
of the WC + FCC (face-centered cubic) region due to its poorer solubility in WC 
compared to Co, which will be explained in more detail in 1.5.3 section “Effect of carbon 
on phase diagrams”. Marques et al. [63] used an Fe-based binder containing Cr and Ni 
elements to densify WC-AISI304 hardmetals obtained by vacuum liquid phase sintering, 
followed by hot isostatic pressing to reduce residual porosity. Furishima et al. [64] studied 
the WC grain size and mechanical properties of WC-FeAl hardmetals fabricated by a 
vacuum sintering technique. They pointed that oxygen suppressed the WC grain growth, 
and improved the hardness and the strength due to the formation of α-Al2O3 at the 
WC/WC interface. They further confirmed the existence of α-Al2O3 by selected area 
diffraction analysis, demonstrating that the composition of FeAl binder varied by the 
generation of an α-Al2O3 phase.  
A comprehensive characterisation of WC-AISI304 hardmetals was followed including: 
mechanical properties, oxidation resistance [66], wear resistance [67], and corrosion 
resistance [68]. This tungsten carbide-stainless steel hardmetal achieved a good balance 
between hardness (1461 HV30) and toughness (10 MPam1/2). The oxidation resistance of 
WC-AISI304 hardmetals was superior to that of WC-Co hardmetals due to the high Cr 
content of the binder. However, a ŋ-phase (M6C) was detected, especially for hardmetals 
with a higher Fe content, which would reduce the toughness significantly. Then, 
Fernandes et al. [66] reported that the transverse rupture strength of stainless steel 
hardmetals was improved with small C additions due to the inhibition of M6C phase 
formation. Further characterisation of their abrasive wear and corrosion resistances 
showed that Fe-based WC hardmetals were comparable to the commercial WC-Co 
hardmetals, indicating that stainless steel could be a promising substitute to Co. The effect 
of NbC on densification, grain growth, and properties of WC-10AISI304 hardmetals was 
further investigated by Bao et.al [69]. A smaller amount addition of NbC (2 wt.%) 
inhibited the growth of WC grains and reduced the formation of ŋ-phase during sintering. 
This Fe-based hardmetal exhibited the highest Vickers hardness (1820 HV) with 
moderate fracture toughness (7.7 MPam1/2).  
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On the other hand, Fe has the highest affinity to carbon, followed by cobalt and nickel. 
This affinity could influence the ability to form stable and undesirable metal-carbon 
bonds leading to brittle phases. For example, the η-phase formation lowered the 
performance of hardmetals and should be avoided [70]. Schubert et al. [71] studied three 
Fe-based binder systems: Fe-Ni, Fe-Ni-Co and Fe-Mn, in which comprehensive 
mechanical properties of these three Fe-based hardmetals were compared to that of 
conventional cobalt alloys. Fe-based hardmetals exhibited a large amount of ŋ-phase for 
binder contents less than 10 wt.%, which decreased their toughness significantly. 
Moreover, their high temperature properties (hardness at high temperature, creep 
resistance) were inferior to those of cobalt-based materials.  
Compared to Co and Ni-based binders, alternative Fe-based binders provide the 
advantages of having lower price, lower toxicity, higher oxidation and/or corrosion 
resistance, and the possibility of improving hardness and/or toughness with addition of 
refractory carbides and/or graphite, based on the above mentioned results from laboratory 
research and products from industry. Then a question arises: why these alternative binders 
are not widely used? There are two main reasons from the aspect of producers and 
customers. For the hardmetal producers, changing the composition or any other 
parameters during process means requalification for customers and the potential risk of 
losing important users. For the customers, Co-based WC hardmetals still have the best 
comprehensive properties, although the properties of Fe-based hardmetals could be 
improved by addition of refractory carbides. A series of commercial Co-based WC 
hardmetals can meet the different needs of customers. Hardmetals without or with less 
Co are generally used at some wear parts, woodworking and unimportant cutting tools, 
where the user pays more attention to price than to stability and productivity [7]. For all 
these investigations in laboratory with a small scale of production, it should be noted the 
possible difficulty of a large scale production. Moreover, the lack of knowledge 
concerning the interaction between alternative binders and hard phases represents a 
drawback, especially compared to the WC-Co system with a fully studied database.  
1.4.3 Cr-based binder systems 
Addition of chromium or chromium carbide to WC-Co hardmetals is known as a way to 
inhibit the growth of WC particle during sintering [72]. Stecher et al. [73] and Rudy et al. 
[74] showed the ternary phase diagram of W-C-Cr at 1350 and 1300 °C, respectively, 
which displayed the possible existence of two tungsten carbides: WC and W2C, and three 
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chromium carbides: Cr3C2, Cr7C3, and Cr23C6, as shown in Figure 1.6. Both authors 
pointed out that there was a phase equilibrium between tungsten carbide (WC) and 
chromium carbide (Cr3C2). Tükör et al. [75] experimentally studied the phase formation 
in the W-C-Cr system, which was determined by reaction kinetics of phase transformation. 
A (W,Cr)2C phase was formed as a collector for Cr within the tungsten matrix, where the 
main part of chromium was dissolved into the hexagonal W2C lattice. In addition, 
experimental and thermodynamic evaluation of Cr-Co-C [76], Cr-Fe-C [77], Cr-Fe-W 
[78], and Cr-Fe-W-C [70] systems were reported. All these works provide useful 
information to explore the phase formation of hardmetals with Cr addition, commonly 
M23C6, M3C2 and M7C3 (M represents Cr, Fe, and/or W). 
 
Figure 1.6. Phase diagram of W-C-Cr system (a) at T =1350 °C [73] and (b) at T =1300 °C [74]. 
Hardmetals with Cr-based binders have not been extensively studied. Cr was only used 
within limited amounts in some hardmetal compositions to control the grain growth and 
to improve oxidation and corrosion resistance [51]. Cr possesses a strong affinity to 
carbon, leading to the formation of chromium carbide phases, normally presenting a 
brittle behavior and reducing the mechanical resistance of hardmetals. Kaplan studied the 
WC-Co-Cr system in his doctoral thesis motivated by the widespread addition of Cr as a 
WC grain growth inhibitor and to improve the oxidation and corrosion resistance [79]. 
Thus, an expected smaller WC grain increased the hardness of the material with Cr 
addition. Then, Kaplan investigated the effect of Cr on the phase equilibrium diagram by 
thermodynamic modelling (Figure 1.7). Adding Cr to WC-Co system led to a decrease in 
the melting interval temperature of the Co-based binder and to the formation of two Cr-
carbides: Cr7C3 and Cr3C2 [80]. Frisk and Markström [81] also reported the effect of Cr 
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on phase equilibria in WC-Co hardmetals. Cr addition could decrease the melting 
temperature over 100 °C. Brieseck et al. [82] discussed the diffusion and solubility of Cr 
in WC. They found that Cr could be dissolved in WC and subsequently a carbide phase, 
(Cr,W)2C, was found at the interface of the diffusion couple WC and Cr3C2. The addition 
of the inhibitor Cr3C2 was an efficient method for controlling the grain growth in the solid 
state, even in the case of in which rapid sintering processes were performed [83]. Cr-
segregation to interfaces with cubic structure was observed in hardmetals using Cr as 
inhibitor [84]. Addition of Cr to Fe-based [66] and Ni-based [85] hardmetals also 
confirmed that Cr improved the performance of oxidation and corrosion resistance. 
Fernandes et al. [12] found the formation of M7C3 carbides with a Cr content around 
12.26 wt.% in the W-C-Cr-Fe phase diagram. The thermodynamic calculations for Fe-
based and Ni-based hardmetals confirmed that a M7C3 would be formed at a high C 
content. The melting temperature of the binder was decreased with a lower Cr content. 
Pirso et al. [86] added different chromium carbides (Cr3C2 and Cr7C3) to Ni-based 
cermets since they are extremely hard and corrosion resistant. Cr3C2 has an orthorhombic 
crystal structure with a microhardness of 2280 kg/mm2 and Cr7C3 has a hexagonal crystal 
structure and a microhardness of 1336 kg/mm2 [87]. The hardness, transverse rupture 
strength, abrasive wear, and erosion resistance of Ni-based cermets were improved.  
 
Figure 1.7. Vertical section of the W-C-Co-Cr phase diagram, calculated at 9 wt.% Co and 10 wt.% Cr 
[80]. 
Moreover, hard materials containing Cr have been deposited as coatings of pure metals 
and alloys due to their high hardness, good wear resistance and corrosion resistance. 
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Rezaei-Sameti et al. [88] studied the effect of pulsed electrodepositions on the 
morphology, hardness and wear behavior of nano-structured WC-Cr composite coatings. 
They found good wear resistance of the coating with an extremely fine average size of 
WC (70 nm). In addition, the hardness and tribological behavior of the coating increased 
with the increase of the current density. Bolelli et al. [89] compared the microstructure 
and abrasive wear behavior of WC-FeCrAl and WC-CoCr hard coatings deposited by 
high velocity oxygen-fuel spraying onto steels and aluminum alloy substrates. The 
deposition of WC-FeCrAl layer showed more decarburisation and oxidation compared to 
WC-CoCr layer due to the stronger affinity of Fe and Cr to oxygen.  However, the wear 
performance of an optimised WC-FeCrAl coating was comparable to that of the WC-
CoCr coating.  
As far as this author knows, there are no published studies in literature with regard to the 
processing of hardmetals using Cr-based alloys as a binder. We firstly reported the 
possibility of processing a new Cr-based WC hard composite by a powder metallurgy 
route including mechanical milling of commercial WC and Cr-based powders, followed 
by spark plasma sintering in 2018 [50]. The hardness and toughness values achieved by 
this Cr-based WC hard composite were 1479 HV30 and 3.4 MPam1/2, respectively, which 
were low values compared to that reached by commercial WC-Co hardmetals. The 
relative low hardness was attributed to the low volume fraction of WC reinforcement (30 
vol.%) compared to that of commercial WC-Co hardmetals (generally, 80 vol.% of WC). 
The low fracture toughness was caused by the presence of porosity and brittle ternary 
carbides such as M4C, M23C6 and M6C. Despite the achievement of inferior mechanical 
properties, we confirmed the possibility of using a new binder with less toxicity and less 
price than Co or Ni binders. So Cr-based alloys could become potential binders to be used 
in hardmetals, using conventional liquid phase sintering techniques or FAST sintering 
techniques, as it will be shown in this work.    
1.5 Thermodynamic and kinetic studies in hardmetals  
Computational materials study has been frequently used in a wide range of fields and, 
definitely has been crucial in the development of new hardmetals. Integrated 
computational materials engineering (ICME) is an approach to design materials, products, 
and their associated materials processing methods by linking materials models at multiple 
length scales from the atomistic to macro level. The key link is composition-structure-
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property i.e. understanding how processes produce material structures, how those 
structures give rise to material properties, as shown in Figure 1.8 [90]. Ab initio 
calculations based on density functional theory (DFT) determine the electronic structure 
at the atomic scale with basic physical principles and models of electron orbitals. 
CALculation of PHAse Diagram (CALPHAD) is a modelling technique to calculate and 
map thermo-kinetic properties of materials for materials study and design [91]. Thermo-
Calc simulates the thermodynamics for prediction of equilibrium phase diagrams and 
even non-equilibrium phases, which is an important tool to predict the obtained phases of 
hardmetals after the sintering step. DIfusion Controlled TRAnsformation (DICTRA) is 
currently the most commonly used software package to simulate diffusion-controlled 
phase transformations in multiple systems. After the establishment of thermodynamic 
database for hardmetal systems, the DICTRA can simulate the atomic mobility and 
related diffusion behavior, which correlate with the structure in micro level. Macro 
properties depending on their microstructure are characterised by different mechanical 
tests. Therefore, ICME builds up a scientific network from atomistic, micro to macro, 
allowing materials scientists from different communities to share knowledge and best 
practice. 
 
Figure 1.8. New hardmetals development: the composition-structure-property relationship chart by ICME 
[90]. 
Walbrühl [92] proposed in his doctoral thesis the development of hardmetals with 
alternative binder systems guided by ICME. Walbrühl mentioned the design of a Ni-Fe 
binder phase based on a general materials design method and a multiscale approach to 
model the surface gradient formation. The author focused on the room temperature 
1. Introduction: State-of-the-art for hardmetals 
 
22 
 
composite hardness and the surface gradient formation for Co-based and Ni-Fe binder 
systems by simulation and experimental investigations. The compositional design of 
binder phases plays a significant role in the microstructure and properties of hardmetals. 
Furthermore, the content of carbon also has an important effect on the calculation. The 
effect of binder and carbon on the processing of hardmetals would be discussed in more 
detail below. 
1.5.1 Databases for hardmetals 
The industrial production of hardmetals involves complex thermodynamic and kinetic 
processes. Sandvik and KIT Royal Institute of Technology have made a great research 
work on thermodynamic calculations and kinetic simulations, which is essential to 
establish sintering process parameters in the production of hardmetals [93-94]. The 
thermodynamic and kinetic databases are the keys to simulate the phase formation and 
diffusion behavior in hardmetals. In order to describe the thermodynamic behavior of all 
phases in the system, sublattice model was used in thermodynamic databases. For 
example, the liquid phase in hardmetals was generally described by a substitutional 
solution model. For pure elements and stoichiometric compounds, the Gibbs energy could 
be expressed as [91]: 
                                        = ! + " × # + $ × # × %&(#) + '*, × #,                     (1-1) 
Where Gm is the Gibbs energy relative to a standard element reference state (at the 
temperature of 298.15 K and the pressure of 105 Pa), T means the temperature, and a, b, 
c, and d are the model parameters. The establishment of kinetic database is based on that 
of thermodynamic database, using CALPHAD to establish in each component the 
relationship between atomic mobility parameters and variables such as temperature and 
composition system. A high-quality database provides a deeper understanding of the 
materials and processes. Ekroth et al. [95] created a thermodynamic database for 
hardmetals containing Co-W-Ti-Ta-Nb-C-N with experimental and theoretical basis. 
Frisk et al. [96] assessed the thermodynamic database of Co-W-Ti-Ta-Nb-C-N system, 
including tests of the influence of model parameters on miscibility gaps in higher order 
systems, and measurements of the solubility of Ti, Ta, and Nb in liquid in 
multicomponent alloys. Peng et al. and Zhang et al. developed a new thermodynamic and 
kinetic data for the Co-Cr-W-Ta-Ti-Nb-C-N system, respectively: CSUTDCC1 (Central 
South University Thermodynamic Database for Cemented Carbides version-1) [97] and 
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CSUDDCC1 (Central South University Diffusion Database for Cemented Carbides 
version-1) [98]. The database contained the atomic mobility parameters for different 
diffusing elements in liquid and FCC phase [99]. The phase transformation temperatures 
of four-phase equilibria (L+ FCC + WC + M6C, L + FCC + WC + C) of WC-20 wt.% 
(Co,Fe,Ni) hardmetals showed that the experimental data were well agreed with the 
simulation results. Fernandes and Senos [12] published a review of hardmetals phase 
diagrams, including the basic W-C-Co, W-C-Fe, W-C-Ni, and W-C-Cr systems. Sandvik 
has made great contributions to create the database for C-Co-N-Nb-Ta-Ti-W system 
[100]. Due to its technological monopoly, the system is a trade secret. Up to now, a high-
quality database for hardmetals is not published and highly trustworthy. 
1.5.2 Effect of binders on phase diagrams 
Figure 1.9 shows the two-phase region (gray area) of a general equilibrium phase diagram 
of hardmetals with the typical binder alloys (Fe, Co, Ni) [101]. The best properties in 
hardmetals system have been obtained within the carbide phase and the binder metallic 
phase in the gray area. Hardmetals with different binders composition would have drawn 
different sizes of this region, which is determined by two points (circles in Figure 1.9). 
Point 1 represents the stoichiometry limit of the carbide for carbide-binder metal 
composites without reaction, and point 2 means carburisation or decarburisation tendency 
for carbides by binder-metals. 
 
 
Figure 1.9. Schematical phase equilibrium of hardmetals [101].  
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The ternary phase diagrams for (Fe, Co and Ni)-WC in the binder-rich corner were further 
reported in detail by Holleck [29], [39] (Figure 1.10). The dotted lines represent the 
theoretical WC-binder metal compositions. The width of the two-phase zone limited by 
the blue lines was smaller for iron (Figure 1.10a) and similar for cobalt (Figure 1.10b) 
and nickel (Figure 1.10c) since iron would dissolve a much lower quantity of WC at 
eutectic temperature.  
 
Figure 1.10. The two-phase region in ternary phase diagrams: a) W-Fe-C, b) W-Co-C and c) W-Ni-C 
[102]. 
1.5.3 Effect of carbon on phase diagrams 
The C content has a significant effect on the phase formation since the brittle ŋ-phase will 
be formed when the hardmetal has deficient C content, whereas graphite will be formed 
with an excess of carbon. Guillermet [103] published a phase diagram of WC-Co (Figure 
1.11a) and a vertical section of the W-C-Co phase diagram calculated at 10 wt.% Co 
(Figure 1.11b). The “WC” symbol on the diagram shown in Figure 1.11a represents the 
content of W and C in the stoichiometric proportion for WC. The WC-Co phase diagram 
allowed to easily follow what occurred at each temperature during cooling. The content 
of carbon determines the phase compositions after the sintering process. The points “a” 
and “b” in Figure 1.11b defined the minimum and maximum carbon contents of the alloy, 
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respectively, which were in a two-phase state of FCC + WC after equilibrium 
solidification. The satisfactory combination of hardness and toughness strength of 
hardmetals will be achieved, when the optimised content of carbon is in the two-phase 
region, FCC +WC, and the precipitation of other phases (e.g. graphite, M6C and M12C 
carbide) is avoided during cooling. 
 
Figure 1.11. (a) WC-Co phase diagram and (b) W-C-Co vertical section calculated at 10 wt.% Co [103]. 
Fernandes et al. [104] reported the influence of introducing Cr and C within the binder 
Fe-Ni-Cr on the phase formation. M-WC3 and C-WC3 were hardmetals with 3 wt.% and 
1 wt.% of Cr, respectively. C-WC3 + C was C-WC3 with extra addition of carbon. X-
Ray diffraction (XRD) results indicated that a higher content of Cr in the binder induced 
the formation of Cr2C carbide in the M-WC3 hardmetals (Figure 1.12). No Cr2C phase 
was detected in the C-WC3 hardmetal with a lower content of Cr. However, another type 
of carbide phase, M6C (ŋ-phase), was formed. Both Cr2C and M6C are brittle phases, 
which would reduce the mechanical properties of hardmetals. When an excess of carbon 
was added to the C-WC3, the x-ray diffraction patterns of C-WC3 + C only showed the 
WC hard phase and the austenite (γ-Fe) binder phase.  
 
Figure 1.12. X-ray diffraction pattern of M-WC3, C-WC3 and C-WC3 + C hardmetals [104]. 
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A hardmetal of this type was beneficial to obtain a combination of attractive mechanical 
properties such as high hardness (coming from the WC phase), reasonable toughness 
(coming from the austenitic phase) and good oxidation and corrosion resistance (coming 
from the Cr content and the austenitic metallic structure). Therefore, the amount of carbon 
should be carefully controlled to obtain the desired hard and binder phases. . 
Fernandes et al. [66] investigated the effect of C on mechanical properties, wear 
resistance and corrosion resistance of WC-AISI304 hardmetals. The temperature 
projection of Fe-Ni-W-C system (Figure 1.13) showed that the investigated composition 
with a Ni/(Fe+Ni) ratio of 0.12 (red dotted line) and a stoichiometric carbon content (5.5 
wt.%, as indicated by the solid circle on the carbon composition axis) induced the 
formation of  a M6C phase [105]. In this case, the addition of carbon could move the 
composition to a suitable composition range, with the presence of the “FCC+ WC” two 
phase region. The M6C carbide was formed during heating by local reactions between 
WC and the main elements of the stainless steel (Fe, Cr and Ni). The subsequent XRD 
analysis and SEM microstructure images confirmed the existence of M6C phase and the 
reduction of its formation by adding extra C contents. More importantly, transverse 
rupture strength of hardmetals was significantly improved from 551 MPa to 1086 MPa 
with the addition of carbon.  
 
Figure 1.13. Temperature projection of the Fe-Ni-W-C phase diagram, calculated at Fe + Ni =10 wt.%. 
The solid lines describe the compositions of a mixture of WC + liquid in equilibrium with FCC + M6C 
(left) or FCC + graphite (right). The solid symbol on the composition axis indicates the stoichiometric 
WC composition [12] [105]. 
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In order to access the tribological properties of conventional WC-Co and WC-SS 
(stainless steel AISI304) hardmetals with and without carbon additions, a ball cratering 
method was performed by Vilhena et al. [67]. The abrasive wear resistance of WC-AISI 
304 was higher than that of WC-Co specimen. The presence of η-phase in WC-AISI 304 
promoted a strong interphase strength and a higher hardness, which was beneficial for the 
wear resistance. Figure 1.14 plots the corrosion behaviour of WC-Co and WC-SS 
hardmetals with and without carbon addition. The similar impedance of WC-SS and WC-
SS-C was significantly higher than that of WC-Co. Thus, AISI 304 binder improved the 
corrosion resistance of hardmetals [68]. Li et al. [106] studied the effect of different C 
contents on the properties of ultrafine WC-10Co-0.5Ta hardmetals consolidated by 
vacuum liquid phase sintering. With increasing carbon content, the (Ta,W)C phase 
segregation was gradually eliminated, and both transverse rupture strength and hardness 
were increased. 
 
Figure 1.14. Cathodic (a) and anodic (b) current-potential curves of WC-Co, WC-SS and WC-SS-C. 
(inserted: polarisation resistance curves of the three composites) [68]. 
In the current work, the effect of the binder phase composition and of the addition of an 
excess C content on the final microstructure and properties will be studied by a 
combination of thermodynamic calculations and experimental observations, to design 
optimised hardmetals, avoiding some of the costly trial-and-error procedures.  
1.6 Technical trends in hardmetals 
The market of hardmetals is continuously growing. New technologies and new 
applications appear in the trend of hardmetals to improve their performance in cutting, 
wear and corrosion behavior. As mentioned previously, one trend is based on the 
production of nanosized WC-hardmetals, which have a great cutting and wear 
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performance due to the extremely high hardness and good toughness achieved. 
Consideration of alternative binders to cobalt have also been mentioned before. 
Furthermore, there are other emerging trends that will be addressed in the following 
sections: using of coating technologies, fast sintering techniques, and high resolution and 
3D characterisation techniques.  
1.6.1 Coating technologies: chemical vapor deposition (CVD) and physical 
vapor deposition (PVD)  
The cutting performance of hardmetals is greatly improved by the introduction of the 
CVD method, where some hard coatings (such as TiAlN [107], TiCN [108] and Al2O3 
[109]) are deposited on hardmetals at high temperature to produce high-performance thin 
films. PVD process produces vapor from a solid source by physical methods at relative 
lower temperature than CVD. Thus, PVD is a more flexible process that can generate a 
broad variety of coatings. Czettl et al. [110] reported a comparison of lifetime 
performance between PVD and CVD TiB2 on WC-Co hardmetals with commercial CVD 
TiCN/Al2O3 and PVD TiAlN coatings on the same substrates, as shown in Figure 1.15. 
WC-Co hardmetals with PVD TiB2 coating displayed a bit reduction in lifetime compared 
to hardmetals with commercial PVD TiAlN and CVD TiCN/Al2O3 coatings. However, 
the lifetime of hardmetals with CVD TiB2 coating was extended more than a half 
compared to these commercial coatings. The combination of coatings in hardmetals has 
led to an improvement in cutting performance, such as increasing cutting speed and feed 
rate, for instance, allowing cutting the difficult-to-machine titanium alloys and 
superalloys. Therefore, coatings could obviously improve the performance in wear 
resistance, oxidation and corrosion resistance of hardmetals [111]. 
 
Figure 1.15. Cutting lifetime of WC-Co hardmetals with PVD/CVD TiB2 coatings and commercial 
coatings [110].  
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1.6.2 Field-assisted sintering techniques (FAST) 
Traditional WC-Co hardmetals are produced through high-energy milling of WC and Co 
powders, pressing of hardmetals powders into near shape products and followed by liquid 
phase sintering (LPS) or hot isotropic pressing (HIP). During LPS the microstructure 
coarsening appears quickly due to grain growth of carbides [112]. Nevertheless, the 
mechanical properties such as hardness and toughness relationship values, as well as wear 
resistance, will be improved by retaining a finer microstructure. In this sense, novel FAST 
techniques in solid-state have been acceptably used during last years, replacing LPS and 
HIP to produce hardmetals due to the great advantage that they introduce reducing the 
growth of WC grain size. Olivier Guillon et al. [4] described systematically the 
mechanisms, materials, and technology developments in FAST. They are based on a low 
voltage, a direct or an alternating current, and a pressure-assisted sintering. Figure 1.16 
shows the working scheme of a general FAST apparatus, consisting of a mechanical 
loading system, and a high-power electrical circuit, placed in a controlled atmosphere. 
Regardless of conductive or non-conductive sintered powders, heat is quickly and 
efficiently transferred from the tools (good electrical conductivity) to the sample, since 
low voltages (typically below 10 V) produce high currents (typically from 1 to 10 kA), 
leading to an efficient Joule heating. The heating rate, pulse and pause durations, or more 
specialised pulse patterns, could be controlled exactly with the software and hardware. 
The heating rate, cooling rate and sintering temperature can reach 1000 °C/min, 
150 °C/min, and 2400 °C, respectively. The simultaneous application of a uniaxial 
maximal load varied from 50 to 250 kN.  
 
Figure 1.16. Working scheme of a FAST apparatus [4]. 
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Spark plasma sintering (SPS) is one of most frequently used techniques among the FAST 
techniques used in the laboratory and industry [113]. The world's largest hybrid SPS 
sintering system was set up in Spain in 2012 to dense large ceramic blanks of 400 mm in 
diameter [114]. SPS process will be explained in more detail in the experimental process 
(Chapter 3) since it will be one of the applied sintering techniques in this work.  
1.6.3 High resolution characterisation techniques   
The use of high resolution techniques such as high resolution transmission electron 
microscopy (HRTEM) and scanning transmission electron microscopy (STEM) have 
been commonly performed to study the interface layers existing in hardmetals. Delanoë 
et al. [115] discovered by TEM a thin face centered cubic layer (Cr,W)C at the interface 
between WC and Co in Cr-doped WC-Co hardmetals. This layer was grown on the 
surface of the WC grains with two orientation relationships: mismatch of 0.2% for the 
basal plane of WC and 3% for the prismatic plane. To get more information about the 
structure and composition of the interface layers, a microstructural study using the 
combination of STEM and energy dispersive X-ray spectroscopy (EDX) was carried out. 
Jaroenworaluck et al. [116] demonstrated segregation of nanosized VC inhibitors in 
WC/Co phase boundary. HRTEM observations revealed that a small addition of VC in 
WC-Co was effective to suppress the grain growth of carbide grains, whereas EDX 
analyses clearly showed segregation of doped V along the interfaces. Meingast et al. [117] 
studied by TEM-EDX the interface layer formed between the WC grain and Co binder 
confirming the existence of two visible monolayers, one rich in Ti and one rich in W, as 
shown in Figure 1.17. Delanoë and Lay [118] investigated the evolution of the WC grain 
shape in Cr doped WC-Co alloys at several stages of the sintering treatment by TEM. The 
common shape of WC was a prism based on a truncated triangle. The Cr addition 
increased the anisotropy between prismatic facets in the W rich alloy. The inhibitors 
segregation between WC/Co phase boundaries could be explored by a method combining 
STEM and EDX. Thus, this method helps to explain the mechanisms of interfacial 
bonding strength and the limitations of WC grain growth. Furthermore, there exist 3D 
techniques that reconstruct the real 3D structure of hardmetals by the combination of 
focused ion Beam (FIB) and electron backscatter diffraction (EBSD) techniques. Borgh 
et al. [119] evaluated the microstructure and crystallographic orientations of WC and Co 
grains with 3D constructed images. Therefore, characterisation techniques with high 
resolution will allow the development of deep microstructural and compositional studies 
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aiming to acquire a strong knowledge related to the phase formation taking place during 
field-assisted sintering of new hardmetals. 
 
Figure 1.17.  (a) STEM image of the interface between WC and Co with a thin interface layer indicated 
by two arrows. (b-d) EDX elemental distribution maps of Ti, W and Co. (e) Color coded RGB image 
revealing the position of the Ti-rich and W-rich layers and showing Co (green), Ti (blue), and W (red) 
[117]. 
1.7 Summary   
After a development of more than 90 years, hardmetals have made great achievements 
and provide a cost-effective option in the manufacturing industry. On one hand, 
thermodynamic and kinetic simulations play an important role in the development of 
hardmetals from compositional design, process optimisation, expected properties, and 
final application and performance of products. On the other hand, with the increased 
research in field-assisted sintering techniques, for example SPS, the consolidation of 
nanosized hardmetals with an extreme high wear resistance is possible, even at industrial 
scale. Although Co has served as the best binder until today, there has been a quite high 
research activity on searching for alternative binders due to the high price, limited 
resource, and toxicity of Co. Fe-based alternative binders have been used in applications 
such as woodworking cutting tools and some wear parts. However, their reduced 
mechanical properties and the greater difficulty of controlling quality in the production 
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process restrict their applications in high-demanding manufacturing operations, such as 
in the case of the automotive and aerospace industries. There is still a need for further 
development of alternative binders to meet hardmetals with the current requirements 
needed in the tool industry.  
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2.1 Motivation 
Hardmetals are composite materials consisting of one hard phase (generally WC) and a 
soft phase from the group VIII (usually Co) [1]. Hardmetals cover a wide range of 
applications: mining tools and cutting tools, engineered components and industrial wear 
parts [2]. There has been a continuous rise in the worldwide demand of hardmetals, from 
an annual total consumption of 10 tons in 1930 to estimated 75.000 tons in 2018 [3]. 
Hardmetals have taken a vital part in process of world’s economic growth. Actually, few 
products have made such contribution in the global industrial economic growth compared 
to hardmetals, which have significantly decreased the price of making products in the 
industry and our daily life [4].  
WC-Co hardmetals have many applications due to their good properties, such as their 
excellent combination of hardness and toughness values, their high wear resistance 
together with a good chemical stability at room temperature and at high temperature. Co 
has been used as the optimal binder for its good wettability in WC for more than 90 years. 
However, there is a great interest in the search for alternatives to Co-based binder driven 
by its high and fluctuating price due to its shortage of resources (0.003 % of the earth's 
crust) [5]. And now more motivation is triggered by its toxicity, since both Co and Ni 
have been listed in the report of potential substances carcinogenic to human health in the 
REACH program [6]. Thus, developing new alternative binders for hardmetals without 
Co or Ni is of great importance for the industry and has a substantial economic profit.  
Iron also exists in the group VIII with atomic number 26, which is nearby Co. The use of 
iron-based binder as an alternative to Co has been extensively studied [7]. Fe (one of the 
most common elements on earth) has obvious advantages compared to Co and Ni alloys: 
cheaper price, easier availability, and no toxicity. However, a major disadvantage of Fe 
is the poor wettability in WC compared to Co. The good properties of Fe-based WC 
hardmetals require an accurate control of the composition, in order to guarantee the 
absence of ŋ-phase (M6C) and graphite after cooling, since these two phases will 
deteriorate the mechanical properties. Different types of Fe-based binders have been 
developed, such as FeNi alloy binder with a ratio of 3:1 [7] and FeCoNi with a ratio of 
7:2:1 [8]. However, the addition of Ni and Co would increase the toxicity and cost of the 
Fe-based binders. Another problem of Fe-based binders is the existence of a narrow 
carbon window, representing the desirable two-phase region FCC+WC, even in the cases 
in which Co and/or Ni are added, which increases the difficulty of avoiding either M6C 
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or graphite during sintering, leading to a more complex process for industrial 
manufacturing.  
Chromium also belongs to group VIII and has an atomic number equal to 24 [9]. Cr metal 
is of high value for its good corrosion resistance, high hardness, and high melting point 
(1907 °C). A well-known application of Cr is focused on the production of stainless steels 
with 10 to 30 wt.% Cr, which are highly resistant to corrosion and oxidation [10]. 
Chromium or chromium carbides have been frequently added to hardmetals as grain 
growth inhibitors to improve the hardness and also to maintain the good level of 
toughness [11]. Meanwhile, coating with Cr is also used in metallic alloys and hardmetals 
for improving the corrosion and oxidation resistance [12]. Even more importantly, Cr 
(0.014 % of the earth's crust) has lower toxicity, lower price, and easier availability 
compared to Co [13]. The Cr-C-W phase diagram suggests a certain solubility of Cr in 
WC lattice [14]. Cr-based hardmetals without any Co or Ni have not been studied before, 
as far as this author knows. Our preliminary results obtained in Cr-based composites have 
shown that Cr-based hard materials could exhibit promising hardness values in 
comparison to Co-based hardmetals with the same level of WC volume fraction [15]. One 
disadvantage of using a Cr alloy as metallic matrix in WC-hardmetals could be the low 
solubility existing between Cr binder phase and WC hard phase, which may influence the 
final properties of the developed new materials.  
In the present work, a combination of thermodynamic modelling and experimental studies 
will be used to optimise the compositional design and to reduce the trial-error process and 
speed up the cycle. Thus, the viability of using a Cr alloy as a binder without Co, for 
processing novel Cr-based WC hardmetals by a traditional liquid sintering technique and 
by a fast sintering technique, is assessed in the present investigation. The knowledge of 
the phase equilibrium diagram of these hardmetals is used to predict the possible phases 
obtained after the sintering step. The effect of adding extra Fe or Fe/C contents on the 
microstructure and mechanical properties of Cr-based hardmetals is investigated by 
addition of carbonyl iron powders (CIP) or carbonyl iron+graphite powders, respectively. 
The processing parameters during liquid and solid phase sintering techniques are also 
optimised to achieve near full density and to limit the existence of brittle phases. This 
comprehensive study approaching the analysis of the relationship between composition, 
microstructure, processing and properties aims to introduce a deep knowledge into the 
possibility of using these new hardmetals in industrial tool applications. 
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2.2 Objectives 
The main objective of this investigation is to develop innovative Cr-based WC hardmetals, 
without Co or Ni, with good performance, low cost and healthy. These developed new 
materials must combine all the requirements needed in the tool industry, including high 
hardness, good toughness, high wear resistance, good compressive strength and high 
oxidation resistance. This study aims to know the viability of processing Cr-based WC 
hardmetals to partially replace commercial WC-Co hardmetals in some applications, such 
as in cutting tools and structured parts in which a good behaviour against wear, corrosion, 
and oxidation is needed. In order to achieve this goal, this research covers the following 
more specific secondary aims: 
1) Comprehensive knowledge of the effect of high-energy mechanical milling process on 
the composition, microstructure, phase formation, crystalline parameters and size 
distribution of milled Cr-based WC powders.  
2) Investigation of the viability of sintering Cr-based WC hardmetals by two different 
sintering techniques: liquid phase sintering (LSP) and spark plasma sintering (SPS).   
3) Assessment of the effect of different SPS parameters, including heating rate, sintering 
temperature, and holding time, on the densification of Cr-based WC hardmetals. 
4) Analysis of the influence of different extra Fe or Fe/C contents on the phase formation, 
microstructure, and properties of the sintered Cr-based WC hardmetals by a 
combination of simulation and experimental approaches. More specifically, the effect 
of Fe or Fe/C on phase diagrams is calculated by Thermo-Calc software with the 
TCFE7 database. Then, Cr-based WC hardmetals with different Fe or Fe/C additions 
are consolidated by LPS and SPS, respectively. The mechanical properties of the 
obtained Cr-based WC hardmetals are fully characterised to select the most optimal 
hardmetals. 
5) Understanding of the sintering mechanisms experienced by Cr-based WC hardmetals 
from the particle-state to the sintered-state, in terms of phase formation, 
microstructural evolution, and final properties. 
6) Characterisation of the density, hardness, toughness, Young’s modulus, compressive 
strength, oxidation behaviour and wear resistance of the optimised Cr-based WC 
hardmetals. Exploration of the relationship between composition-microstructure-
properties of Cr-based WC hardmetals. Then, comparison of the developed Cr-based 
WC hardmetals with some commercial WC-Co hardmetals used in the cutting tool 
industry.  
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3.1 Raw materials 
All the powders used as raw materials are commercial powders. WC powder provided by 
Alfa Aesar (USA) acts as the reinforcement, whereas CrFe powder supplied by Höganäs 
(Sweden) represents the metallic binder. The densities of WC (99.5 % purity) and CrFe 
powders are 16.53 and 7.55 g/cm3, respectively. Table 3.1 shows the specified 
composition of the CrFe powder. The content of Cr in the CrFe powder is 71.4 wt.% and 
the Fe content is fixed to 28.1 wt.%, with a small amount of other alloying elements (Si, 
C, N, P and S). Consequently, the metallic binder in this work is designated as Cr-based 
binder due to its main Cr content. 
Table 3.1. Composition of CrFe powder. 
Element Cr Fe Si C N P S 
Weight percent (wt.%) 71.4 balance 0.4 0.042 0.03 0.021 0.004 
The carbonyl iron powder (CIP) added as extra Fe (99.9 % purity) is provided by William 
Rowland Limited (United Kingdom) with a density of 7.85 g/cm3. Graphite powder (99.0 % 
purity) added as extra carbon is supplied by ISMAF (Spain) with a density of 2.10 g/cm3.  
3.2 Experimental procedure 
Developing a new type of hardmetal involves a lot of important steps, all of them with a 
critical weight. A small change in the process from the compositional design to the 
sintering process may affect the final properties. So a combination of experiments and 
simulation is a good approach to design the material, products, and final properties by the 
link of process-structure-properties. The scheme of the experimental process carried out 
in this investigation is reflected in Figure 3.1. The processing of the novel Cr-based WC 
hardmetal follows a powder metallurgy (PM) route to process the mechanically milled 
powders and the sintered samples. The milling parameters are optimised after the study 
of the evolution of the milled Cr-based WC powders with different milling times. This 
optimisation of the milling process is based on the characterisation of Cr-based WC 
powders by SEM, particle size distribution measurements (laser diffraction technique), 
and XRD analyses. Subsequently, the selected Cr-based WC powders are sintered and 
consolidated by both LPS and SPS, respectively, to investigate the effect of traditional 
and fast sintering techniques on the densification, microstructure and properties of Cr-
based WC hardmetals. The influence of the composition on the phase diagram in terms 
of Fe or Fe/C contents is calculated by Thermo-Calc with TCFE7 database. Accordingly, 
the composition and sintering parameters are optimised based on experimental and 
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thermodynamic studies of the W-C-Cr-Fe system. The microstructural characterisation of 
milled powders and sintered materials takes an important part of this work, so a 
combination of different microscopic techniques including optical microcopy (OM), 
scanning electron microcopy (SEM) and transmission electron microcopy (TEM) are 
used. The phase formation of Cr-based WC samples after cooling is characterised by X-
ray diffraction technique (XRD) together with energy dispersive X-ray spectroscopy 
(EDX). Finally, the properties of Cr-based WC hardmetals are fully characterised to 
compare their performance with commercial WC-Co hardmetals, including hardness, 
fracture toughness, Young’s modulus, compressive strength, oxidation resistance and 
wear resistance. 
 
Figure 3.1. Scheme of the experimental procedure followed in this work. 
3.2.1 Mechanical milling (MM)  
The experimental parameters used during MM are shown in Table 3.2. The hard WC 
particles and the binder CrFe alloy are mechanically milled in a planetary ball mill 
(Pulverisette 6) at 350 rpm using a WC-6Co hardmetal vessel and balls with the same 
composition. The protective argon is inserted into the milling vessel after every 2 h of 
milling to reduce the oxidation during the milling process. 2, 4, 6, 8, 10 and 20 h of milling 
time are selected in order to study the evolution of Cr-based WC powders with milling 
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time. The amount of powder (40 g) is calculated keeping the constant ball-to-powder ratio 
at 10:1. The mechanical properties of hardmetals are mainly related to the volume fraction 
of hard particles (usually from 70 % to 90 %). A higher volume fraction of WC hard 
phase will improve the hardness, but also deteriorate the toughness. Considering a good 
balance between hardness and toughness, the volume fraction of WC particles is fixed to 
70 %. A process control agent (PCA) is added to the powder mixture to reduce the effect 
of cold welding. As PCA, 0.5 wt.% of stearic acid (C18H36O2) is used with a purity of 
95 %. 
Table 3.2. Parameters of mechanical milling. 
Speed (rpm) 350 
Volume fraction of WC (%) 70 
Mass of WC (g) 30.51 
Mass of CrFe (g) 9.29 
Mass of Stearic Acid (g) 0.2 
Milling time (h) 2, 4, 6, 8, 10, 20 
Protective gas Argon 
Cycle time (min) 30 minutes grinding plus 60 minutes rest 
Ball-to-powders weight ratio 10:1 
Number of balls 50 
Ball composition Hardmetal WC-6Co 
Vessel composition Hardmetal WC-6Co 
Density of a ball (g/cm3) 14.7 
Mass of a ball (g) 7.8 
The Fe and C contents in Cr-based WC powders are varied by extra addition of carbonyl 
iron powder and graphite powder, respectively. The effect of Fe content on the 
microstructure of Cr-based WC powders and hardmetals is studied first. Subsequently, 
the effect of the C content on the final microstructure is investigated on Cr-based WC 
hardmetals with the previously optimised Fe content.   
3.2.1.1 Extra Fe addition 
The Fe content in milled Cr-based WC powders is adjusted through extra different Fe 
additions (1 wt.%, 3 wt.% and 5 wt.%) as listed in Table 3.3, whereas the content of WC 
phase is fixed to 83.2 wt.%.   
Table 3.3. Weight percent of Fe, Cr, W and C in Cr-based hardmetals with different extra Fe additions. 
Fe (wt.%) 
Total Fe (wt.%) Cr (wt.%) W (wt.%) C (wt.%) 
Extra Fe (addition) Fe (CrFe powders) 
0 4.8 4.8 12.0 78.1 5.1 
1 4.5 5.5 11.3 78.1 5.1 
3 3.8 6.8 10.0 78.1 5.1 
5 3.4 8.4 8.4 78.1 5.1 
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3.2.1.2 Extra C addition  
After the investigation of the effect of Fe content on the microstructure and properties of 
Cr-based WC hardmetals, the extra 3 wt.% Fe addition is selected, based on the simulation 
results (more details in chapter 4.3). The C content in Cr-based WC powders with extra 
3 wt.% Fe is adjusted through different extra C additions (0.5 wt.%, 1 wt.% and 2 wt.%). 
The corresponding compositions of Cr-based WC hardmetals with different C additions 
are shown in Table 3.4. The mass fraction of Cr-based binder is fixed to 16.8 wt.%.  
Table 3.4. Weight percent of Fe, Cr, W and C in Cr-based hardmetals with different extra C additions 
C (wt.%) 
 Fe (wt.%) Cr (wt.%) W (wt.%) Total C (wt.%) 
Extra C (addition) C (WC powders) 
0 5.10 6.8 10.0 78.10 5.10 
0.5 5.09 6.8 10.0 77.61 5.59 
1 5.03 6.8 10.0 77.17 6.03 
2 4.96 6.8 10.0 76.24 6.96 
3.2.2 Sintering techniques 
Different sintering processes will influence the microstructure and mechanical properties 
of the final product. This study explores the feasibility of sintering Cr-based WC powders 
through two different sintering routes: LPS and SPS. 
3.2.2.1 Liquid phase sintering (LPS) 
The milled Cr-based WC powders need green-forming into desired shapes so that they 
can be sintered to full density by LPS. There are different possible routes to produce the 
green compacts: uniaxial pressing, cold isostatic pressing, extrusion, and injection 
molding. Among others, uniaxial pressing is the most commonly used [1].   
In the typical LPS process, the solid grains are soluble in the liquid at the sintering 
temperature. This solid solubility causes the liquid to spread and wet the solid grains, 
providing a capillary force that pulls the solid grains together. Geman et al. [2] reported 
four stages in LPS process: solid-state heating, rearrangement, solution-precipitation, and 
solid skeletal sintering. Sintering temperature is primarily determined by the composition 
of hardmetals. The practical sintering temperature of WC-Co hardmetals is selected 
slightly above their meting temperature, which depends on their components, for example, 
a range between 1320-1370 ºC for sintering WC-10wt.% Co hardmetals [3]. Additionally, 
sintering temperature is also effected by the size and shape of the milled particles. The 
sintering temperature generally decreases as the particle size decreases, since diffusion 
distances are shorter [4].     
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In this work, the selected Cr-based WC powders are pressed uniaxially at 300 MPa into 
cylindrical samples with diameter of 16 mm and height of around 2 mm. Then, the pressed 
green parts are put inside an Al2O3 crucible for sintering by using a Carolite TZF 16/450 
Tube Furnace. The sintering temperature of Cr-based WC hardmetals is selected at 
1450 °C, which is around 100 °C above the eutectic temperature of W-C-Cr-Fe system, 
as it will be shown in the following Chapter 4 entitled “Thermodynamic simulation”. 
Figure 3.2 shows the sintering cycle applied: heating rate is 5 °C/min, with a holding time 
of 30 minutes at 1450 °C, followed by cooling in furnace under protective Ar atmosphere. 
 
Figure 3.2. Temperature versus time cycle followed during liquid phase sintering. 
3.2.2.2 Spark plasma sintering (SPS) 
The consolidation of WC-hardmetals requires the sintering at relatively high temperatures, 
for achieving a good densification, and the use of a protective gas or vacuum to avoid 
oxidation phenomena. SPS technique can be used to consolidate hardmetals and enables 
a better control of the final microstructure, thanks to the application of pressure, high-
heating rates and short dwell times, together with high vacuum or protector atmosphere 
[5]. The applied compressive stress leads to a better contact between particles, enhancing 
the grain boundary diffusion and lattice diffusion [6]. The high-heating rates and short 
dwell times can be beneficial to improve the densification rate, while maintaining the fine 
microstructure. Usually, the composition of the sintering atmosphere and its partial 
pressure have an influence on the structure and diffusivity of sintered materials. However, 
as the specimen is enclosed in the pressing tools, the pressure and the atmospheric 
composition inside the tool strongly differ from the atmosphere outside. Therefore, low 
vacuum (in the range of 10-4 to 10-5 bar) is given in most of the literature [7-8]. 
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In this work, Cr-based WC powders are consolidated by SPS in a HPD 25-3 model 
developed by FCT System GmbH (Germany), located in the Metal Forming Institute 
(Poland) (Figure 3.3). As was discussed in the introduction chapter, SPS technique is 
based on a hydraulic loading system and a high-power electrical circuit. This technique 
uses a pulsed direct current (DC) to heat up the powder by Joule effect. The pressure is 
applied in the vertical direction. SPS can enhance the densification of Cr-based WC 
hardmetals in comparison with LPS technique by two primarily effects: (i) current flow 
through the specimen rather than the surrounding graphite tools, providing interaction 
between the electric current and the microstructure formation and (ii) local melting of the 
powders surface as well as elimination of the oxide surface layer due to higher local 
temperature at the sintering neck [9]. The pyrometer is located at the upper punch, about 
5 mm from the center of the sample, to measure the sintering temperature. In this work, 
two different cylindrical samples (10 and 20 mm diameter) are employed, depending on 
the mechanical test performed.  
 
Figure 3.3. Scheme (a) and image (b) of HPD 25-3 SPS apparatus. 
Table 3.5 lists the different SPS parameters applied to consolidate the corresponding Cr-
based WC powders with different Fe or Fe/C additions. The powders are poured into the 
graphite die. The consolidation temperature selected is varied in a range of 1200-1350 °C. 
This selection of consolidation temperatures is based on the phase diagrams calculated in 
this work and in conditions reported in the literature [10], where the temperature in solid-
state sintering is around 100 °C lower than the eutectic temperature. The maximum 
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pressure is maintained during the consolidation at the sintering temperature. Heating rate, 
holding time and applied pressure are set in a range of 200-400 °C/min, 5-10 min and 50-
80 MPa, respectively, in order to study their effect on densification. The sintering is 
performed under low vacuum (10-2-10-3 mbar). The cycle followed for the thermo-
mechanical sintering process at 1350 °C/min for 10 min, with an applied pressure of 80 
MPa, is presented in Figure 3.4. In some tests, a pure tungsten foil (thickness of 25 µm) 
is interposed between the graphite die/punches and the Cr-based WC powders, in order 
to avoid the carbon contamination coming from the graphite tools [11]. The real final C 
content in the consolidated Cr-based WC hardmetals is measured by a chemical analysis 
using a LECO CS230 analyser, located in the University Carlos III of Madrid (Spain). 
Table 3.5. SPS parameters for Cr-based WC powders with different Fe/C additions. 
Cr-based WC powders with 
different Fe additions 
Consolidation 
temperature (°C) 
Heating rate 
(°C/min) 
Holding 
time (min) 
Applied  
pressure (MPa) 
Applied  
W foil 
0 wt.% Fe 1200 200 5 50 No 
1 wt.% Fe 1200 200 5 50 No 
1 wt.% Fe 1200 400 5 50 No 
3 wt.% Fe 1200 400 5 50 No 
3 wt.% Fe 1200 400 10 50 No 
3 wt.% Fe + 0.5 wt.% C 1350 400 10 80 No 
3 wt.% Fe + 0.5 wt.% C 1350 400 10 80 Yes 
3 wt.% Fe + 1 wt.% C 1350 400 10 80 Yes 
3 wt.% Fe+ 2 wt.% C 1350 400 10 80 Yes 
 
Figure 3.4. Schematic cycle followed during one of the designed SPS sintering processes 
(1350 °C-400 °C/min-10 min-80 MPa). 
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3.3 Particle size characterisation  
A Malvern Mastersizer 2000 particle size analyser (based on laser diffraction) is used to 
measure the particle size distribution of the raw powders and the milled powders. The 
measurements are carried out by using a wet dispersion unit Hydro 2000, using water as 
dispersion medium. The software measures each sample three times. The average curve 
of particles size distribution is obtained automatically. Particle size D (D10, D50, and D90) 
represents the undersize of cumulative distribution. For example, particle size D10 means 
that 10 vol.% of the particles are smaller than D10.  
3.4 Phase and composition characterisation  
3.4.1 X-Ray diffraction (XRD) 
In this work, on the one hand, the microstrain level and the crystalline size of MMed 
powders, and on the other hand, phases of powders and sintered samples, are studied by 
the XRD technique. The X-ray diffractometer (Empyrean, PANalytical) is equipped with 
a X-ray platform for the analysis of powders and bulk samples. The voltage applied is 45 
kV and an intensity of 40 mA. Moreover, it is employed a Cu-kα tube (λ=1.5405 Ȧ). The 
X-ray diffraction patterns are measured from 20° to 130° with a step size of 0.0263°. Then, 
the obtained patterns are analysed to identify the formed phases using the Highscore 
software and the database PDF-4 from the International Center for Diffraction Ddata 
(ICDD).   
The MM process increases the distortions of the network and the microstrains, which is 
of importance for the sintering process. In order to identify the most suitable milling time 
for the subsequent powder consolidation, the crystalline size (D) and the microstrain (μƐ) 
of MMed powders are calculated from the spectra by utilizing the Scherrer method and 
the X-Pert HighScore software [12-13], in which:  
  D = Kλ / (Bcosθ)                                                     (3-1) 
      μƐ = B / (4tanθ)                                                      (3-2) 
where K is a constant with a value equal to 0.9, λ is the wavelength of the beam incidence, 
B is the width at half maximum of the most intense peak of WC in the diffraction pattern 
(value of B must be in radians) and θ is the Bragg angle.  
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3.4.2 Elemental analyser  
Elemental analysis is a process in which a material is analysed for knowing its elemental 
and sometimes isotopic composition. The determination of the exact C content in sintered 
hardmetals is crucial for controlling their properties. In this work, the C content of 
sintered Cr-based WC hardmetals is quantitatively calculated by a CS-230 LECO 
analyser. A sample of 300 mg is introduced into an alumina crucible where it is 
subsequently melted in an induction furnace. In order to ignite and correctly reach the 
combustion of the sample, it is necessary to add a small amount of an accelerator (called 
Lecocel II: tungsten/tin mixture) supplied by the manufacturer of the equipment. The 
carbon resulting from the combustion reacts with a stream of oxygen to form CO/CO2, 
obtaining finally the C content. In order to get precise values of C content, each test is 
repeated for 6 times. 
3.5 Density analysis 
The densities of milled Cr-based WC powders and hardmetals are measured by two 
different methods. For the one hand, a gas pycnometer is used to measure the density of 
the milled powders. This measurement is repeated three times to obtain the average value. 
On the other hand, Archimedes´ method is used to calculate the density of the sintered 
bulk samples. The weight of samples is measured in three different conditions to calculate 
the density value: dry (m1), wet (m2) and after wetting and drying the surface (m3). 
                                                  =
 !
 "# $
                                                   (3-3) 
where m1 is the dry mass, m2 is the wet mass (submerged and without bubbles stuck on 
the surface of sample) and m3 is the swamped mass (after immersion).  
This is a common way to express relative density in PM products, since it gives an 
indication of the residual porosity. In this work, the relative density of each sample is 
determined using the ratio between the experimental Archimedes´ density and the 
calculated theoretical density. The theoretical density of each sample is calculated by the 
following equation [14]: 
                    %&'()* = +, × &, .+/0 × &/0 .+1) × &1) .+/ × &/                    (3-4) 
where W and &  are the corresponding weight percent and density of each element, 
respectively.  
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3.6 Microstructural Characterisation 
3.6.1 Optical microscopy (OM) 
OM is a type of microscopy that uses visible light and a system of lenses to magnify 
images of small subjects from 5X to 1000X. In the study of the microstructure of 
hardmetals, it plays an important role to observe porosities and grain size in a convenient 
way. In this work, all sintered Cr-based WC samples are rough with SiC papers from 600 
to 2000, followed by polishing with diamond pastes from 6 to 1 µm. These polished 
samples are characterised by OM firstly to check the porosity before the characterisation 
with a higher resolution technique, such as SEM. Besides, the calculation of the fracture 
toughness is based on the measurement of the total length of the cracks produced by a 
hardness testes from optical images, which will be explained in section 3.7.1. 
3.6.2 Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX)   
Scanning electron microscopy produces images of a sample with a higher resolution than 
optical microscopy. Energetic electron beams are generated by the electron gun, then 
focused to a spot size of about 0.4 nm to 5 nm in diameter by a series of magnetic 
condenser lens and rastered along the surface of the specimen with the aid of the scanning 
coils [15]. The interaction of the electron beam with the sample surface produces various 
emission signals that contain information on the size, shape, texture and composition of 
the sample. In particular, secondary electrons (SE) are emitted very close to the specimen 
surface, providing mainly topographical information, while back scattered electrons (BSE) 
and X-rays, generated deeper below the surface, provide crystallographic, atomic and 
compositional information. 
In this work, a ZEISS EVO MA15 SEM microscope coupled to an EDX Oxford INCA 
350 detector, and a Helios NanoLab 600i FEI FIB-FEGSEM microscope coupled to an 
EDX Oxford Instruments X Max EDX detector, are employed. SE images provide the 
morphology of Cr-based WC powders and sintered samples. BSE images offer the 
distribution of hard phase and binder phase, since hard phases with heavy elements (high 
atomic number) backscatter electrons more strongly than binder phases with light 
elements (low atomic number), and thus appear brighter in the images. The WC average 
grain sizes (d ) in the milled powder and the sintered bulks are measured using the linear 
intercept method on representative BSE images, since the shape and size of WC are 
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distinguished from the other phases [16]. On the other hand, EDX technology provides 
qualitative or semi-quantitative information of the elemental content in the sintered bulks. 
In addition, the focused ion beam (FIB) technique is used to prepare the thin TEM 
samples. The basic concept of the FIB microscope is similar to that of the scanning 
electron microscope, but uses ions like Gallium (Ga+), instead of electrons for imaging 
or removal of material. The final size of the electron transparent cross-section should be 
around 100 square microns. 
3.6.3 Transmission electron microcopy (TEM)   
Transmission electron microscopy is another powerful imaging technique that uses high-
energy electrons to provide microstructural information down to atomic resolution. 
Specimens for TEM characterisation must be electron transparent (generally <100 nm), 
enabling the transmission of the incident electrons. In the TEM, the incident electrons, 
also called primary electrons, emitted from the electron gun are accelerated towards the 
specimen at energies between 100 and 400 keV. Depending on the operation of the 
objective and projection lenses and the set of objective apertures selected, different types 
of images can be generated. Bright-field (BF) and dark-field (DF) imaging hold 
information about morphology, grain size and defect structure, while selected area 
electron diffraction (SAED) patterns provide crystallographic information such as crystal 
orientation, lattice parameters. An annular dark field image formed only by very high 
angle is highly sensitive to variations in the atomic number of atoms in the sample. This 
technique is known as high-angle annular dark-field imaging (HAADF). A combination 
of HAADF image and EDX mapping enables to obtain the elemental distribution in the 
corresponding microstructural image with a very high magnification. Finally, phase 
contrast analysis by combining the direct and diffracted beams allows the generation of 
high-resolution transmission electron microscopy (HRTEM) images that can be used to 
infer information about the crystalline lattice at atomic resolution. Therefore, in order to 
characterise in more detail the microstructure and composition of the sintered Cr-based 
WC hardmetals, transmission electron microcopy (TEM) in a FEI Talos F200X 
microscope, coupled to EDX for elemental mapping analysis, is performed on the 
previously prepared FIB samples at 200 kV. The diffraction patterns are obtained to 
identify some phase structures in selected areas. The interface between the WC hard phase 
and binder phase is characterised by HRTEM.  
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3.7 Mechanical properties characterisation 
3.7.1 Vickers hardness and fracture toughness measurements 
The hardness of Cr-based WC hardmetals is characterised using a Vickers hardness tester 
(NEXUS 4000 tester equipped with a Vickers diamond indenter) with a load of 30 kgf (F) 
applied during 10 s. These Cr-based WC samples are well polished with diamond paste 
down to 1 mm before testing. The diagonals produced by the indenter are measured to 
calculate the Vickers hardness with the equation 3-6. One sample is tested for each 
material and four indentations are made at least to obtain the average value of the Vickers 
hardness. 
The fracture toughness (KIC) is determined by measuring the total length of the cracks 
emanating from the four corners of the Vickers hardness indentation and using the 
Palmqvist crack equation 3-5, based on the international standard ISO 28079 [17] [18]. 
Figure 3.5 shows a schematic diagram with the measurement of the length of the cracks 
and an optical micrograph of an indentation performed in a Cr-based WC hardmetal 
sintered in this investigation.  
The hardmetal Vickers hardness, HV, is given by the following equation: 
                                                ! =
 .!"##×$
%&                                                           (3-5) 
where d = (d1+d2)/2. d1 and d2 are the lengths of indentation diagonals as shown in Figure 
3.5. 
The sum length (L) of cracks is measured from the indentation corner to the crack tip: 
                                                 ' = ( + () + (* + (#                                                    (3-6) 
Equation for Palmqvist fracture toughness KIC: 
                                                     ,/0 = 12$×345                                                         (3-7) 
where the constant A is equal to 0.2784, F is the applied load and HV is the Vickers 
hardness. All the quantities are expressed in SI units and the average value is calculated 
from six data.  
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Figure 3.5. Schematic diagram with the measurement of the length of the cracks and diagonals of the 
indentation and optical micrograph of an indentation performed in a Cr-based WC hardmetal. 
3.7.2 Nanoindentation tests 
Nanoindentation method is widely used to study the mechanical properties of materials 
at very small length scales, ranging from nanometre to micrometre [19].  The hardness of 
WC-Co hardmetals have been reported in terms of macro, micro and nanoindentation 
length scale to understand the microstructure-hardness relationship [20]. The 
nanohardness (H) and Young’s modulus (E) of a hardmetal can be obtained by analysing 
the load-displacement curve obtained by indenting small volumes of material with a 
diamond tip and recording both the load and the displacement with the Oliver-Pharr 
method [21]. Thus, Figure 6 shows an example of a load–displacement curve, in which 
Pmax is the peak indentation load, hmax is the displacement at the peak load, and hf is the 
final depth of the contact impression after unloading [21]. 
 
Figure 3.6. Schematic representation of the load –displacement curve [21]. 
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The reduced modulus (Er) can be calculated with the contact area (AC) by the following 
equation: 
 !" =
#$%
&'()
                                                           (3-8) 
where S is the initial unloading stiffness, which can be directly determined from the load-
displacement curve. Then, the real elastic modulus (E) can be given by: 
*
+,
= .*/0
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3 .*/04
12
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                                              (3-9) 
where E and v stand for the real elastic modulus and Poisson’s ratio of the tested sample, 
respectively, and Ei and vi are the elastic modulus (1139.2 GPa) and Poisson’s ratio (0.07) 
of the diamond indenter, respectively. The nanohardness (H) is calculated by the equation: 
5 = 6789
()
                                                    (3-10) 
where Pmax is the maximum load applied. 
In this work, the nanohardness and the elastic modulus are characterised by 
nanoindentation compressive work at room temperature, using a Hysitron TI950 
Triboindenter equipped with a high-load transducer and a Berkovich diamond tip. The 
maximum load is determined at 400 mN by a cyclic loading method [22], where the 
hardness value becomes stable with the increase of the penetration depth. The load control 
mode is used with a loading rate of 80 mN/s up to the maximum load of 400 mN with a 
holding time of 2 seconds, followed by 5 second for unloading. A homogenous array of 
25 indents (5 by 5) is carried out on the surface of Cr-based WC hardmetals. The spacing 
between indents is 40 mm along each row and 40 mm in the column direction in order to 
avoid any overlapped effect. The surfaces of all tested samples are carefully polished with 
diamond paste down to 1 mm. 
3.7.3 Compressive tests 
The compressive strength of Cr-based WC samples is determined by uniaxial pressing 
using an Instron 3384 equipment coupled to a furnace in air atmosphere, as shown in 
Figure 3.7. The maximum applied load and the strain rate are 15 kN and 4×10-3 s-1, 
respectively. The tested samples have a cuboid shape with 2×2×4 mm size. With the aim 
of investigating the effect of the temperature on the compressive strength, room 
temperature (RT), 300 °C and 600 °C are programmed and reached using a temperature 
control panel. Due to the high hardness of the investigated materials, the sample is 
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mounted between two hardmetal disks to avoid the development of cracks within the 
punches made of nickel superalloy. The top and bottom surfaces of the sample being 
tested should be parallel between them and perpendicular to the direction of application 
of the compressive pressure, in order to avoid the twisting of the samples. Teflon sheets 
are inserted at room temperature between the tested sample and the hardmetal disks to 
lower the friction at the interface. Each experiment is repeated 3 times to ensure the 
consistency during the pressing process.  
 
Figure 3.7.  Instron 3384 equipment for compressive testing at high temperatures: (1) furnace and 
temperature control panel, (2) Teflon sheet, (3) sample, (4) hardmetal disk, and (5) superalloy punch.  
3.8 Oxidation resistance  
Hardmetals have a wide application in industry due to their good combination of fracture 
toughness and hardness. Hardmetals also need a good oxidation resistance for 
applications in which high stresses are applied together with high temperatures, as it is 
the case of hot rolling. In this work, the oxidation resistance of Cr-based WC hardmetals 
samples with a cuboid shape (2×2×3 mm) is evaluated by two methods: (1) samples 
exposed at 900 °C for 24 h in furnace with used air atmosphere; (2) samples following 
thermogravimetric analysis (TGA, Q50 instrument) for a dwelling time of 1 h at three 
different temperatures (750 °C, 800°C and 850 °C) with a flow of synthetic air of 10 
ml/min. Two heating rates (5 and 20 °C/min) are used to calculate the activation energy. 
In order to ensure the consistence of the results, all these experiments are repeated 2 times. 
Prior to the oxidation tests, samples are well polished and cleaned in propanol for 10 min 
followed by drying in furnace at 110 °C for 30 min.  
The analyses of the microstructure, the phase constitution and the kinetics of formation 
of the oxide scale are the main aspects collected in the investigation of oxidation in this 
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work. The microstructural images and phases of the oxide layers are characterised by 
SEM and XRD techniques. The kinetic analyses are performed in terms of plotting the 
curves of mass gain per area or the thickness of the oxide scales vs. oxidation temperature. 
The apparent activation energy (Ea) is calculated by an isoconversional method based on 
the following equation [23] [24]: 
 ! " = # exp $%&'() * +,./                                                (3-11) 
where α is the relative mass gain per unit area, A is the Arrhenius factor, Eα is the 
activation energy, R the gas constant (8.31 J/mol0K) and T the absolute temperature. 
Figure 3.8 shows the isoconversional method for determining Eα from the curve of α vs 
time calculated from two different heating rates and at two temperatures, T1 and T2. Then, 
Eα can be calculated by the equation 3-12, which is transformed from the equation 3-11: 
                                                111123 = (456
789 8": ;<789 8": ;>
?
$ <@<% <@>*                                                    (3-12) 
where dα/dt is a constant during the heating process and T1 and T2 are the corresponding 
temperatures to obtain the same mass gain per area α under a heating rate of 20 and 
5 °C/min, respectively. 
 
Figure 3.8. Isoconversional method for determining Eα value from the experimental function of mass gain 
per unit area α vs. time for Cr-based WC hardmetals under heating rates of 5 and 20 °C/min. 
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3.9 Wear resistance 
Wear resistance is one of the most important mechanical properties for the application of 
hardmetals in the cutting market. Laboratory investigations of the wear resistance in this 
work are carried out using two different equipments with different specimen sizes: 
samples with 6×5×4 mm for wear tests in a Bruker-UMT-Tribolab trybometer located in 
University Carlos III of Madrid, and samples with 20×6.5×6 mm for the wear tests 
developed in a Wazau-TRM 2000-Tribometer located in Sandvik (Barcelona, Spain). 
These tribometers are shown in Figure 3.9. Both wear measurements on Cr-based WC 
hardmetals are characterised by dry sliding tests on a ball-on-plate tribometer using 
reciprocating lineal movement. Prior to the tribological test, samples are polished and 
cleaned in distilled water for 10 min followed by drying in furnace at 110 °C for 30 min.  
An alumina ball of 5 mm diameter (1500-1650 HV supplied by Goodfellow) is used as a 
static counter material in the Bruker tribometer. The samples are moving against the 
alumina ball reciprocally. The tests are performed in ambient air (20 ± 2 °C, humidity 
55%), under 18 N load, at a frequency of 5 Hz, and the stroke length of 5 mm for 30 min. 
All tests are repeated 3 times in order to have repeatability in terms of the friction 
coefficient (µ). The total sliding distance is fixed to 90000 mm. 
A WC-6wt.% Co ball of 10 mm diameter (1950-2000 HV supplied by Fritsch) is used as 
a static counter material in the Wazau tribometer. These tests are performed in ambient 
air under 50 N load, at a frequency of 2.5 Hz, and a stroke length of 10 mm for 60 min in 
ambient air (20 ± 2 °C, humidity 55%). The total sliding distance is fixed to 100000 mm. 
 
Figure 3.9. Image of sliding wear test equipments: (a) Bruker-UMT-Tribolab and (b) Wazau-TRM 2000-
Tribometer. 
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A profilometer (Olympus DSX500, Opto-digital microscope) is used to obtain the 3D 
image of the wear track after sliding and to measure the value of the width and depth. The 
sliding test is based on a ball-on-plate configuration and the reciprocating plate adapter 
generates a harmonic wave, which is commonly used in the wear resistance testing [25], 
[26]. The volume loss values are determined by the wear track model represented in 
Figure 3.10. After sliding, three 2D profiles are obtained from the center of the track (b 
line) and 1.5 mm on each side of the center (a and c line) using the profilometer. Then, 
the average depth value is calculated by the following equation: 
                                                             ! = "#$!
%%%
                                                             (3-13) 
where  ! is the average depth in mm, &'%%%% is the average wear loss area of three 2D profiles 
for each wear track, and (!  is the average width of each wear track measured for three 
2D profile. Thus, the wear loss volume is calculated with the following formula: 
                                          )V = *+, × . ×  /%%%%031 2  !45 6 &'%%%% × 7                           (3-14) 
where )8 is the volume loss for wear sliding in mm3, R is the radius of the sliding ball, 
and l is the sliding stroke. The wear rate is determined by the following formula: 
                                                               (9: = )9;                                                       (3-15) 
where Wv is the wear rate in mm3/mm, )8 is the volume loss of the sample in mm3, and 
S is the total sliding distance. 
 
Figure 3.10. The estimated model for calculating the wear loss volume. Lines a, b, and c are indicating the 
three 2D profile lines [25].  
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4.1 Thermodynamic simulation studies 
Thermodynamic modelling is a powerful tool in the development of new materials. In 
this investigation, Thermo-Calc with database TCFE7 is applied to calculate the phases 
formation in Cr-based WC hardmetals, in order to optimise the compositional design. The 
approach to model the quaternary W-C-Cr-Fe system is firstly made to define the 
elements and phases to be included in the lower order W-C-Cr system, and secondly to 
simulate the effect of Fe/C addition on the phase diagrams of W-C-Cr-Fe system. Thus, 
the simulation results obtained for the Cr-based WC hardmetals are used as a help to 
explain the experimental observations found concerning the phases formed in the Cr-
based WC hardmetals developed in this work.  
4.2 Phase diagram of W-C-Cr system 
The W-C-Cr system is the starting alloy system for the development of the Cr-based WC 
hardmetals processed in the current investigation. A complete thermodynamic analysis of 
the W-C-Cr system is necessary. For the realisation of this study, the accurate 
composition of the W-C-Cr system is fixed to: 78.1 wt.% of W, 5.1 wt.% of C, and 16.8 
wt.% of Cr, which corresponds to 70 vol.% of WC in the Cr-based WC hardmetals 
designed in this work. The isothermal phase diagram and the vertical section for a W-C-
Cr system with 16.8 wt.% of Cr are calculated by Thermo-Calc coupled with database 
TCFE 7. These diagrams can be seen in Figure 4.1.  Thus, Figure 4.1(a) shows the 
isothermal phase diagram of the W-C-Cr system at 1450 °C, which is around 100 °C 
higher than the eutectic temperature in Cr-based WC hardmetals. This temperature is 
selected for the liquid phase sintering performed in this investigation. The diagram 
predicts the presence of two tungsten carbides: WC and W2C, which have no chemical 
reaction with the Cr-based binder (α). Kurlov and Gusev [1] studied the phase-
equilibrium for WC and W2C tungsten carbides in the W-C phase diagram. They found 
that WC was stable from room temperature to high temperature and W2C appeared in a 
temperature range from 1250 °C to 2750 °C. Mühlbauer et al. [2] reported that both WC 
(P-6m2) and W2C (P-31m) carbides had a hexagonal structure with the same tungsten 
sublattice, but a different stacking sequence of W. These authors proposed that the 
formation of ditungsten carbide (W2C) was due to the insufficient C content, and the 
transition of W2C into WC happened during the carburisation of W2C powders. Three 
types of chromium carbides Cr3C2, Cr7C3, and Cr23C6 occur with the increase of Cr 
content in the isothermal phase diagram, which agrees with the formation of the same 
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chromium carbides in the W-C-Cr phase diagram reported by Stecher et al. [3] and Rudy 
et al. [4]. Figure 4.1(b) demonstrated that there is a limited solubility of Cr in W2C lattice 
as marked in the blue area, leading to the existence of W2C below 1250 °C due to the 
increased stability of W2C. Brieseck et al. [5] studied the diffusion and solubility of Cr in 
WC. Brieseck reported that (W,Cr)2C phase was formed at the interphase of Cr3C2-WC 
diffusion couple during the annealing at 1550 °C for 3 h. The red line in Figure 4.1(b) 
indicates the solidus phase line (above 1850 °C) in W-C-Cr system, which is much higher 
than 1300-1350 °C in W-C-Co system, since pure Cr alloy has an obvious higher melting 
point (1920 °C) than Co (1490 °C) [6].  
 
Figure 4.1. (a) Isothermal phase diagram of W-C-Cr system at 1450 °C, and (b) vertical section of W-C-
Cr phase diagram with 16.8 wt.% Cr calculated by Thermo-Calc coupled with TCFE7 database. The red 
line represents solidus phase line. 
4.3 Effect of the Fe content on the phase formation of W-C-Cr-Fe system 
Based on the compositional design of the previous W-C-Cr ternary system, the binary 
phase diagram of the quaternary W-C-Cr-Fe system in function of C content is stablished 
for the following composition: 78.1 wt.% of W, 5.1 wt.% of C, 12 wt.% of Cr and 4.8 
wt.% of Fe, where Fe comes from the iron content in the CrFe alloy used in this research 
work. The Fe content in the W-C-Cr-Fe system is modified by different extra Fe additions 
(1 wt.%, 3 wt.% and 5 wt.%). The addition of an extra content of Fe to the system is based 
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on the objectives of increasing the densification reached during LPS, and favouring the 
sinterability during SPS due to the large specific surface area exhibited by the carbonyl 
iron powders. Table 4.1 shows the weight percent of Fe, Cr, W, and C contents in the W-
C-Cr-Fe system with extra Fe contents, which correspond to the designed compositions.  
Table 4.1. Weight percent of Fe, Cr, W and C contents in the W-C-Cr-Fe system with different extra Fe 
contents (1 wt.%, 3 wt.% and 5 wt.%). 
Fe (wt.%) 
Total Fe (wt.%) Cr (wt.%) W (wt.%) C (wt.%) 
Extra Fe (addition) Fe (CrFe powders) 
0 4.8 4.8 12.0 78.1 5.1 
1 4.5 5.5 11.3 78.1 5.1 
3 3.8 6.8 10.0 78.1 5.1 
5 3.4 8.4 8.4 78.1 5.1 
Figure 4.2 presents the corresponding equilibrium phase diagrams of W-C-Cr-Fe systems 
without extra Fe additions and with different extra Fe additions (1 wt.%, 3 wt.%, and 5 
wt.%). The dashed vertical lines represent the equilibrium phase formation during the 
cooling process, in which the C content is set at 5.1 wt.%. The red line represents solidus 
line in W-C-Cr-Fe systems. 
 
Figure 4.2. Vertical section of W-C-Cr-Fe phase diagrams with different extra Fe addition: (a) 0 wt.% Fe, 
(b) 1 wt.% Fe, (c) 3 wt.% Fe, and (d) 5 wt.% Fe. The dashed vertical line means the fixed C content (5.1 
wt.%) and the blue circle represents the corresponding melting point. The red line represents solidus line.  
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Table 4.2 lists the final phases formed after cooling (marked by the blue region) in W-C-
Cr-Fe systems with different Fe contents, when the phase formation becomes stable. The 
Cr-based matrix is designed as a and it is capable of dissolving some iron content. M6C 
is a tungsten-iron-rich carbide corresponding to the complex FCC carbide with the 
composition Fe3W3C, which is able to dissolve some Cr. M7C3 and M23C6 are two 
chromium carbides, which are capable of dissolving both Fe and W.  
Table 4.2. Final phase formation in W-C-Cr-Fe systems as a function of extra Fe contents from the 
calculated phase diagrams. “×” means the existence of the corresponding phase. 
Extra Fe content (wt.%) a M6C WC M7C3 W2C M23C6 
0 ×  × × ×  
1  × × × ×  
3  × × × ×  
5   × × × × 
From these phase diagrams and the corresponding phase formation, it can be deduced that: 
1) The temperature of the solidus line marked by the blue circle decreases slightly when 
the Fe content increases, as it is expected since Fe has a lower melting point than Cr. 
Thus, the melting point of Cr-based WC hardmetals decreases with the increase of the 
Fe content. This fact implies that the amount of liquid phase is higher at the same 
sintering temperature when increasing the Fe content, leading to a higher content of 
liquid phase to flow in the narrow spaces between particles and enhancing the sintering 
performance. Fernandes et al. [7] also reported that the addition of Fe in WC-CoNi 
hardmetals lowered the temperature of the melting point. 
2) WC appears as a stable phase in all the regions of W-C-Cr-Fe systems due to its high 
stability and high melting point.  
3) There is solubility of Cr in W2C, and (W,Cr)2C is stable at room temperature.  
4) At the selected sintering temperature of 1450 °C in LPS process, Cr-based WC 
hardmetals contain a limited amount of liquid and, in addition, W2C and WC phases. 
Reducing the temperature below solidus line leads to the precipitation of M7C3 carbide. 
When the temperature decreases below the eutectic temperature, M6C phase is also 
formed. 
5) At the selected sintering temperatures from 1200 - 1350 °C in SPS process, Cr-based 
WC hardmetals remain in solid-state with W2C, M6C, M7C3 phases and WC, 
6) With extra 1-3 wt.% Fe contents, the final formed phases a, WC, M7C3 and WC, and 
(marked in blue region) are transformed to M6C, WC, M7C3 and W2C, which means 
that the extra 1-3 wt.% Fe addition induces the formation of brittle M6C carbide. 
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Goldschmidt also [8] reported that the content of M6C carbide, in the C-Fe-W system, 
tended to increase when increasing Fe content. Gustafson [9] confirmed the formation 
of M6C in the W-C-Cr-Fe system when increasing the Fe content. However, the 
formation of brittle M6C should be inhibited or reduced since it will decrease the 
toughness of Cr-based WC hardmetals.  
7) Figure 4.2(d) shows that extra 5 wt.% Fe content makes the original phase diagram to 
shift  to lower C contents. Thus, when extra 5 wt.% Fe content is added, the final 
phases W2C, WC, M6C and M7C3 (marked in blue region) are changed to W2C, WC, 
M7C3 and M23C6. Uhrenius et al. [10] studied the carbide/austenite equilibrium from 
900 to 1100 °C in the quaternary C-Cr-Fe-W system. Their experimental results also 
showed that M6C carbide was metastable in the ternary C-Fe-W system in this 
temperature range and that the increase of the Fe/Cr ratio destabilised the M6C carbide 
in comparison with the M23C6 carbide.  
4.4 Effect of the C content on the phase formation of W-C-Cr-Fe system  
Based on the effect of Fe on the W-C-Cr-Fe system, the extra 3 wt.% Fe addition is 
selected due to the following reasons: 
1) Although the addition of extra 5 wt.% Fe avoids the presence of M6C carbide, it 
induces the formation of another more stable brittle carbide M23C6. 
2) The addition of a higher content of Fe would decrease the total Cr content in the system. 
However, more Cr content in hardmetals helps to improve their wear resistance and 
oxidation resistance. Bonny et al. [11] reported the improvement of wear resistance 
due to the extra addition of Cr content. Marques et al. [12] demonstrated that the 
increase of Cr content in stainless steel (AISI 304) based binder is beneficial to 
enhance the oxidation resistance. 
3) In order to develop Cr-based WC hardmetals, the binder should be a Cr-based alloy. 
The binder is not Cr-based alloy when extra 5wt.% Fe is added, since the weight 
percent of Cr and Fe reaches the same value (8.4 wt.%). 
The previous studies show that the extra Fe content is beneficial for improving the 
sinteriablity of Cr-based WC hardmetals. On the other hand, the extra Fe content induces 
the formation of brittle M6C carbide, which will decrease the mechanical properties of 
Cr-based WC hardmetals. Thus, different extra C contents (0.5 wt.%, 1 wt.% and 2 wt.%) 
are added to the W-C-Cr-Fe system with extra 3 wt.% Fe content, in order to inhibit or 
reduce the formation of M6C phase. The corresponding compositions in the W-C-Cr-Fe 
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system with different extra C additions are shown in Table 4.3. The mass fraction of Cr-
based binder is fixed at 16.8 wt.% and the C content varies from 5.10 to 6.96 wt.% due 
to the extra C contents. 
Table 4.3. Weight percent of Fe, Cr, W and C content in the W-C-Cr-Fe system with different extra C 
additions (0.5 wt.%, 1 wt.% and 2 wt.%).  
C (wt.%) 
 Fe (wt.%) Cr (wt.%) W (wt.%) Total C (wt.%) 
Extra C (addition) C (WC powders) 
0 5.10 6.8 10.0 78.10 5.10 
0.5 5.09 6.8 10.0 77.61 5.59 
1 5.03 6.8 10.0 77.17 6.03 
2 4.96 6.8 10.0 76.24 6.96 
Figure 4.3 shows the vertical section of the W-C-Cr-Fe phase diagram (with extra 3 wt.% 
Fe content) for different extra C contents. The dashed vertical lines show the equilibrium 
phase formation of the W-C-Cr-Fe system with extra 0 wt.%, 0.5 wt.%, 1 wt.% and 2 wt.% 
content during the cooling process, in which the C contents are 5.10 wt.%, 5.59 wt.%, 
6.03 wt.% and 6.96 wt.%, respectively. Table 4.4 lists the final formed phases after 
cooling in W-C-Cr-Fe systems with different C contents, when the phase formation 
becomes stable. M3C2 is a chromium carbide with an orthorhombic crystal structure, that 
is formed when extra 1 wt.% C is added [13]. Graphite with a hexagonal structure will be 
formed when extra 2 wt.% C is added [14]. 
 
Figure 4.3. Vertical section of the optimised W-C-Cr-Fe phase diagram (extra 3 wt.% Fe content) with 
different extra C contents: 0 wt.%, 0.5 wt.%, 1 wt.% and 2 wt.% (indicated by the dashed lines). The red 
line represents solidus phase line. 
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Table 4.4. Final phase formation in W-C-Cr-Fe systems as a function of extra C contents from the 
calculated phase diagrams. “×” means the existence of the corresponding phase. 
Extra C content (wt.%) a M6C WC M7C3 W2C M23C6 M3C2 Graphite 
0  × × × ×    
0.5   × × × ×   
1 ×  ×    ×  
2 ×  ×    × × 
In order to know the properties of all these final phases, their composition, crystal 
structure, space group, hardness and melting point are summarised in Table 4.5. 
Table 4.5. Composition, structure, space group, hardness, and melting point of the final phases formed in 
W-C-Cr-Fe systems. 
Phase Composition Structure Space group Hardness (HV) Melting point (°C) 
WC WC [15] Hexagonal P-6m2  Around 2600 2800 
W2C W2C [2] Hexagonal P-31m 2000 2200-2300 
M23C6 Fe21W2C6 [16] Cubic Fm-3m 1000 1250 
M6C Fe3W3C [17] Cubic Fd-3m 1150 Around 1350 
M7C3 Cr7C3 [18] Orthorhombic Pnma 1336 1665 
M3C2 Cr3C2 [13] Orthorhombic Pnma 2280 1895 
Graphite C [14] Hexagonal P6mc Very soft Around 3900 
From the phase diagram displayed in Figure 4.3, it can be concluded that: 
1) The temperature of solidus phase line (marked in red line) increases when the C 
content increases due to the high melting point of graphite (3900 °C). 
2) Extra C addition has an obvious effect on the phase formation. The incorporation of 
extra C contents inhibits the M6C formation. Fernandes and Senos [7] demonstrated 
that the formation of M6C carbide in the W-C-Co-Fe system can be reduced or 
inhibited by adding an excess C. Other experimental studies also have confirmed that 
adding extra C is an efficient way to reduce or prevent the formation of M6C phase 
[19].  
3) Moreover, the addition of carbon induces the transformation of W2C to WC, since the 
WC structure is more stable than the W2C structure at room temperature. Mühlbauer 
et al. [2] confirmed the transition of W2C to WC by SEM and EBSD techniques during 
carburisation of tungsten metal powders. The transformation of W2C to WC will 
improve the hardness, since WC has a higher level of hardness than W2C [20]. Hence, 
the chromium carbide M7C3 tends to be transformed into M3C2 type due to the increase 
of the C content.  
4) Extra 2 wt.% C addition induces the formation of graphite due to its high stability.  
It should be highlighted that the Fe/C effect on the phase formation during SPS process 
will be much smaller than that in LPS process, since SPS is a solid-state sintering with 
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fast sintering and cooling rates, which leads to non-equilibrium states. Therefore, there is 
no time for the diffusion and for completing these phase transformations. 
4.4 Summary  
The equilibrium phase diagram of W-C-Cr-Fe system with 0 wt.% Fe addition shows that 
a, WC, M7C3, and W2C phases are formed when the volume fraction of WC and Cr-based 
binder are fixed at 70% and 30%, respectively. Extra Fe addition (0-5 wt.%) decreases 
the melting point of the W-C-Cr-Fe system, which will improve the densification of Cr-
based WC hardmetals sintered by LPS due to the increased amount of liquid phase at the 
same sintering temperature. However, extra 1 and 3 wt.% Fe additions induce the 
formation of brittle M6C carbide and extra 5 wt.% Fe induces the formation of brittle 
M23C6 carbide. Both carbides are detrimental to the toughness of Cr-based WC 
hardmetals. In order to develop Cr-based WC hardmetals without losing oxidation 
resistance and wear resistance, the W-C-Cr-Fe system with extra 3 wt.% Fe content is 
selected as optimised system to study the possibility of enhancing their toughness by 
adding C content. Indeed, thermodynamic studies suggest that the addition of extra C 
contents inhibits the formation of M6C carbide. Likewise, the addition of carbon induces 
the transformation of W2C to WC, which is beneficial for improving the hardness of 
hardmetals due to the high hardness of WC, but will probably decrease the toughness. On 
the other hand, an extra 2 wt.% C content induces the formation of the soft graphite phase, 
which will decrease the hardness of hardmetals.  
The calculated phase diagrams demonstrate which phases can be formed in our system 
and their composition at different temperatures, being very useful in the development and 
process design of hardmetals. Thus, they offer helpful information to guide the 
compositional design before experimental studies. However, the real sintering conditions 
could be a bit away from the modelling conditions in an equilibrium state, even during 
the LPS process with slow heating and cooling rates. Thus, the real effect of Fe and/or C 
additions on Cr-based WC hardmetals will be deeply studied in the subsequent 
experimental Chapters. Cr-based WC powders with the designed compositions are firstly 
prepared by a mechanical milling process (Chapter 5). Then, these developed Cr-based 
powders are sintered and consolidated by LPS (Chapter 6) and SPS (Chapter 7), 
respectively. The effect of Fe or Fe/C additions on microstructure, phase formation, and 
properties of Cr-based WC powders and hardmetals are determined by different analyses 
that are summarised along the following chapters containing experimental results. 
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5.1 Characterisation of the raw powders  
The raw powders are fully characterised before the mechanical milling (MM) process. 
Figure 5.1 shows the microstructure of the WC and CrFe powders and their particle size 
distributions. The WC powder is fine, equiaxed and flat. The D50 value of WC powder is 
equal to 2 µm due to powders agglomeration. However, the real size of WC powder is 
smaller than 1 µm according to the SEM image. On the other hand, CrFe powder is 
individually distinguishable with an irregular shape (typical of mechanically milled 
powders), and D50 value approximates to 99 µm from the particle size distribution study.  
 
Figure 5.1. Particle size distributions of WC and CrFe powders and their corresponding morphologies 
obtained by SEM. 
The Cr-Fe binary phase diagram is shown in Figure 5.2. The melting point of the CrFe 
alloy used for this investigation, and marked by the arrow, is close to 1800 °C, and there 
are no phase transformations of the CrFe alloy during heating up to the melting point, 
which explains the good stability of the binder phase during the milling process. 
 
Figure 5.2. Cr-Fe phase diagram. The dotted line represents the composition of the CrFe alloy. 
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In order to adjust the previously designed Fe or Fe/C content in the milled Cr-based WC 
powders, different amounts of carbonyl iron powder (CIP) or CIP+graphite powders are 
added. The morphology and the particle size distribution of Fe and graphite powders are 
shown in Figure 5.3. The Fe powder is spherical and fine, presenting a high specific 
surface area. The D50 value of Fe powder (7.4 µm) is bigger than the size of the Fe powder 
(around 3 µm) measured on SEM images due to powders agglomeration. The content of 
C is adjusted by adding flake graphite powders (D50 = 15.5 µm).  
 
Figure 5.3. Particle size distribution of Fe (CIP) and graphite powders and their corresponding 
morphologies obtained by SEM. 
5.2 Optimisation of mechanical milling parameters  
Cr-based WC powders are prepared by mechanical milling (MM) from WC and CrFe 
powders. In order to achieve a suitable powder for the subsequent sintering, MM 
parameters are firstly optimised. The milling time plays a key role on determining the 
morphology, size, and crystallographic parameters of MM powders, thus influencing the 
final properties after sintering. Therefore, in order to analyse the evolution of the 
morphology and microstructure of the Cr-based hardmetal powders during milling 
process, powders of different milling times are fully characterised. Figure 5.4 shows the 
microstructural evolution of MM Cr-based powders, in which two phases are clearly 
distinguishable after 2 h of milling: large grey areas (Cr-based matrix) and small white 
areas (WC brittle particles) [1]. The size of Cr-based powders decreases with the increase 
of milling time since the tendency to fracture predominates over cold welding after 4 h of 
milling. After 4 h of milling, there are some laminar zones formed by the ductile Cr-based 
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matrix and the brittle WC fragments, since two phenomena occur at the same time: the 
welding of the deformed CrFe powders and the insertion of WC particles inside the 
ductile powders. After 6 h of milling, a high quantity of WC particles is embedded into 
the Cr-based binder. With increasing milling time, the number of WC particles embedded 
into Cr-based binder increases. WC particles are homogenously distributed in the Cr-
based binder after 10 h of milling. After 20 h of milling, the Cr-based WC powders 
become much finer and with a more homogenous distribution of WC particles. This 
milling process follows to a brittle-ductile mechanism, and the microstructural evolution 
agrees with the results reported by Fogagnolo et al.[2]  
 
Figure 5.4. Microstructural evolution of Cr-based WC powders during mechanical milling.  
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Then, the particle size distribution and density of all the milled Cr-based WC powders 
are characterised by using the laser diffraction technique and a pycnometer, respectively. 
Figure 5.5 displays their particle size distribution after different milling times. The 
corresponding particle size values (D10, D50, and D90) and densities are listed in Table 5.1. 
After 2 h of milling, a bimodal particle size distribution is observed due the 
distinguishable fine WC powders (the left peak) and big CrFe powders (the right peak) at 
the beginning of the milling. The particle size values (D90) decrease with the increase of 
milling time, which agrees with the microstructural evolution of the Cr-based WC 
powders since the tendency to fracture is stronger than that for cold welding. After 20 h 
of milling, the curve of the particle size distribution becomes narrower and shifts to 
smaller particle sizes. Furthermore, after 20 h of milling time the obtained D10, D50, and 
D90 values are also the smallest. The MM process involves repeated cold welding, 
fragmentation, and dynamic recrystallisation. Longer milling time (20 h of milling) may 
help to obtain a homogenous dispersion of the constituents within the particles. The 
theoretical density of Cr-based powders is calculated to be 13.94 g/cm3, based on the 
equation 3-4, when the volume percentage of WC is 70 %. The density measured after 20 
h of milling is 13.80 g/cm3, which is in good agreement with the theoretical value. 
 
Figure 5.5. The particle size distribution of Cr-based WC powders after different milling times. 
Table 5.1. D10, D50 and D90 values and densities of Cr-based WC powders after different milling times. 
Powders D10 (µm) D50 (µm) D90 (µm) Density (g/cm3) 
2h 0.60 3.88 20.70 13.60 (±0.16) 
4h 1.55 4.33 17.89 13.65 (±0.14) 
6h 1.66 3.91 9.36 13.71 (±0.11) 
8h 1.40 3.81 9.18 13.79 (±0.10) 
10h 1.57 3.27 9.06 13.81 (±0.08) 
20h 1.15 2.71 6.23 13.80 (±0.08) 
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In addition, a crystallographic study by XRD is performed in order to further help in the 
selection of the optimum milling time. Figure 5.6 shows the X-ray diffraction spectra of 
Cr-based WC powders during the milling process. The term “Raw powders” means a 
mixture of WC (70 vol.%) and CrFe powders (30 vol.%) without milling. Only WC, Cr 
and Fe phases are detected in all the MM powders and all the spectra exhibit the same 
peaks with similar intensities, corresponding to these three phases. The peaks of Cr and 
Fe get broader with the increase of the milling time due to the reduction of the crystallite 
size, as explained below.   
 
Figure 5.6. XRD spectra showing the crystallographic evolution of Cr-based hardmetal powders with 
milling time. 
The crystallite size and the internal lattice strain are determined from these XRD patterns, 
considering that the milling process induces structural changes in the hexagonal WC 
lattice. The crystallite size (D) and the internal microstrain (μƐ) values listed in Table 5.2 
are determined from the Scherrer equation, as discussed in section 3.4.1. B is the width at 
half maximum of the most intense peak of WC in the diffraction pattern (value of B in 
radians) and θ is the Bragg angle. Figure 5.7 shows the evolution of D and μƐ with the 
increase of the milling time. The D decreases and μƐ increases when increasing the 
milling time, especially in the first 4 h of milling due to the generation of a high density 
of dislocations. The refinement of the crystallite size reaches a slower rate after 8 h of 
milling, indicating that a further refinement becomes difficult for this system. This limit 
in the crystallite size is dependent on the melting temperature and the activation energy 
for self-diffusion of the material: the higher the melting temperature and/or activation 
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energy the hardmetal has the lower the normalised minimum grain size [3]. Typically, the 
grain size of WC in Co-based WC powders can be as fine as 10-20 nm after milling for 
over 100 h [4]. The minimum WC grain size of Cr-based WC powders achieved after 20 
h of milling approaches 7.6 nm, which is lower than that of Co-based WC hardmetals due 
to the higher melting point of Cr-based binder. 
Table 5.2. Crystallite size (D) and internal microstrain (μƐ) of MM Cr-based WC powders depending on 
milling time (the selected peak corresponding to WC phase). B (value in radian) is the width at half 
maximum peak and θ is the Bragg angle. 
Milling time 2θ (°) B (°) D (nm) μƐ (%) 
2 h  48.283 0.785 11.093 0.764 
4 h  48.285 0.969 8.986 0.942 
6 h  48.315 1.005 8.665 0.977 
8 h  48.304 1.056 8.246 1.026 
10 h  48.300 1.068 8.156 1.056 
20 h  48.302 1.154 7.610 1.113 
 
Figure 5.7. Evolution of mean crystallite size (D) and internal microstrain (μƐ) with milling time. 
On the other hand, the MM process increases the lattice distortions because of the 
incorporation of Cr and Fe to the hexagonal WC lattice, generating an increase of the 
lattice microstrain from 0.764 to 1.113 pct. The steady state, attained in the lattice strain 
after 20 hours of milling, is due to the balance achieved between the rate of cold welding 
and the rate of fracturing of the particles being milled, whereas the plastic deformation 
plays a negligible influence [5]. The small crystallite size and high internal microstrain 
achieved after 20 h of milling are beneficial parameters for obtaining a nanostructured 
system, since sintering is a thermally activated process, in which the crystal growth begins 
when the internal strain decreases under a certain value that will depend on the material 
[6]. In the case of the present study, the values obtained for the crystallite size and strain 
are in full accordance with the values reported by Mohamed and Xun [3] for different 
equivalent metallic systems.  
5. Mechanical milling of Cr-based WC powders 
89 
 
Thus, the analysis of the evolution of microstructure, particle size distribution and 
crystallographic parameters confirm that 20 h of milling is an adequate time to obtain Cr-
based WC powders with homogenous microstructure and good crystallite size and 
microstrain values for the subsequent sintering step.  
5.3 Effect of different Fe or Fe/C additions on Cr-based WC powders 
Figure 5.8 shows the particle size distribution of Cr-based WC powders with different 
extra Fe or Fe/C additions after 20 h of milling. The corresponding particle size values 
(D10, D50, and D90) are listed in Table 5.3. All the examined Cr-based WC powders have a 
narrow particle size distribution with a symmetric log-normal shape, since the milling 
process has almost reached a steady state after 20 h of milling, even when extra Fe or 
Fe/C contents are added. Table 5.3 shows that the particle size values of Cr-based WC 
powders increase slightly with the increase of the Fe content, since these added soft and 
fine Fe particles tend to be welded together with hard particles and form larger particles. 
Nevertheless, with the increase of the C content, no remarkable differences in the particle 
size of Cr-based WC powders are noticed.  
 
Figure 5.8. Particle size distribution of Cr-based WC powders with different extra Fe or Fe/C additions 
after 20 h of milling. 
Table 5.3. D10, D50 and D90 values and densities of Cr-based WC powders with different extra Fe or Fe/C 
additions after 20 h of milling. 
Cr-based WC powders with extra Fe or Fe/C additions D10 (µm) D50 (µm) D90 (µm) Density (g/cm3) 
1 wt.% Fe  1.20 2.81 6.54 13.78 (±0.05) 
3 wt.% Fe  1.30 3.34 6.89 13.74 (±0.01) 
5 wt.% Fe  1.56 3.94 7.36 13.70 (±0.08) 
3 wt.% Fe + 0.5 wt.% C  1.26 3.04 6.68 13.70 (±0.07) 
3 wt.% Fe  + 1 wt.% C  1.30 3.17 6.72 13.68 (±0.05) 
                       3 wt.% Fe  + 2 wt.% C  1.31 3.18        6.73 13.68 (±0.04) 
5. Mechanical milling of Cr-based WC powders 
 
90 
 
Figure 5.9 shows the X-ray diffraction spectra of Cr-based WC powder with different 
extra Fe or Fe/C additions after 20 h of milling. All peaks also correspond to WC, Cr and 
Fe, which confirms the existence of a Cr-based phase and a WC hard phase. Two reasons 
contribute to explain the non-existence of other new peaks after extra additions of Fe or 
Fe/C: (i) there is no reaction between CrFe binder, WC, carbonyl Fe and C powders 
during the milling process; (ii) if small amounts of a new phase were formed, they would 
not be detected by XRD technique due to its accuracy of at least 1 wt.%. The peak close 
to 44.5° (corresponding to an Fe diffraction) increases significantly when adding 5 wt.% 
of extra Fe content.  
 
Figure 5.9. XRD spectra of Cr-based WC powders with different Fe or Fe/C additions after 20 h of 
milling.  
Figure 5.10 shows the microstructure and morphology of Cr-based WC powders with 
different extra Fe additions after 20 h milling. Two main phases can be observed in all 
these fine and round Cr-based WC powders: a grey metallic Cr-based matrix and a white 
phase corresponding to WC. The BSE images taking in the cross-section of the particles 
clearly prove that the WC hard particles are homogenously distributed in the Cr-based 
binder. The particle size increases with the increase of the extra Fe content, which is 
consistent with the measured particle size data listed in Table 5.3. Fogagnolo et al. [7] 
reported that ductile materials improved the particle welding process in contact with hard 
particles. Thus, the extra soft Fe powder may improve the cold welding. Thus, this soft 
powder is trapped or banded with other particles under the force of colliding balls, leading 
to a slight increase in the particle size.    
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Figure 5.10. Cross-section BSE image (left) and as-milled morphology (right) of MM Cr-based WC 
powders with different extra Fe contents: (a) 1 wt.% Fe, (b) 3 wt.% Fe, and (c) 5 wt.% Fe. 
Figure 5.11 shows the microstructure and morphology of the Cr-based WC powders with 
3 wt.% Fe and different extra C contents after 20 h milling. A homogenous microstructure 
is also obtained in these milled Cr-based WC powders. The as-milled morphology shows 
that Cr-based WC powders are fine and round with sizes around 1 µm. The round WC 
particles are uniformly distributed in the Cr-based binder. Furthermore, the carbon 
content does not seem to have a significant effect on the final particle size distribution 
achieved, in comparison with the Cr-based WC powders with only 3wt.% of extra Fe 
content. 
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Figure 5.11. Cross-section BSE image (left) and as-milled morphology (right) of MM Cr-based WC 
powders with 3 wt.% Fe and different extra C additions: (a) 3 wt.% Fe and 0.5 wt.% C, (b) 3 wt.% Fe and 
1 wt.% C, and (c) 3 wt.% Fe and 2 wt.% C. 
The particle size distribution of the WC particles, embedded in the Cr-based binder is 
measured by the linear intercept method based on the cross-section BSE images of MM 
Cr-based WC powders with different extra Fe/C additions. Results are shown in the 
histograms of Figure 5.12. The average size of the WC particles are in the range of 70-
100 nm after high-energy mechanical ball milling for 20 h. Many researchers have 
reported that high-energy milling is capable of producing nanoscale WC and WC-Co 
nanocomposites [8-9]. Butler et al. [10] produced WC particles of around 10 nm size in 
a Co-based binder by using the planetary ball-milling method. Production of nanoscale 
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WC is the first step to manufacture nanosized hardmetals materials, since hardmetals with 
nanocrystallite WC grain structure have the potential to significantly improve the 
mechanical properties of these materials [11]. In this work, the size of WC particles 
decreases considerably from D50= 2 µm in the raw powder to 70-100 nm in the Cr-based 
WC powders after high-energy mechanical ball milling for 20 h at the speed of 350 rpm. 
The carbon content variation from 0.5 to 2 wt.% does not seem to have a significant effect 
on the average grain size of the WC particles within the powders. These nanosized WC 
particles will play a key role in the final properties of Cr-based WC hardmetals. 
 
Figure 5.12. Particle size distribution of WC particles in the Cr-based binder after 20 h of milling: (a) 
powders with extra 3 wt.% Fe and 0.5 wt.% C addition, (b) powders with extra 3 wt.% Fe and 1 wt.% C 
addition, and (c) powders with extra 3 wt.% Fe and 0.5 wt.% C addition. 
5.4 Summary 
The average size of WC particles in the milled Cr-based WC powders after 20 h are in 
the range of 70-100 nm, which demonstrates that planetary ball-milling method is an 
efficient way to produce nanoscale WC in Cr-based WC powders. From XRD analyses, 
it can be concluded that the addition of extra Fe or Fe/C contents does not induce the 
formation of new phases. The studies showing the evolution of the particle size 
distribution, microstructure, crystallite size and microstrain of the MM Cr-based WC 
powders confirm that these powders are adequate for the subsequent sintering, since the 
powders are round and fine, presenting a homogenous microstructure and good 
crystallographic parameters. 
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6.1 Cr-based WC hardmetals obtained by liquid phase sintering 
This chapter discusses the microstructural and mechanical results obtained in Cr-based 
WC hardmetals processed by liquid phase sintering (LPS) at 1450 °C for 30 min. This 
applied sintering temperature is around 100 °C above the melting point of W-C-Cr-Fe 
system, as shown in Chapter 4.2. The content covers the effect of extra Fe or Fe/C 
additions on the phase formation, microstructure, average grain size of WC, densification, 
hardness and fracture toughness of Cr-based WC hardmetals.  
6.2 Effect of different Fe contents on sintered Cr-based WC hardmetals 
6.2.1 Phase identification and microstructural analyses 
Figure 6.1 shows the XRD spectra obtained with the aim of identifying the phases in the 
sintered Cr-based WC hardmetals with different extra Fe additions. The identification of 
the peak patterns confirms the existence of a Cr-based matrix, and four different carbides 
comprising WC, (W,Cr)2C, Fe3W3C, and Fe21W2C6, which is consistent with the expected 
phase formation taking into account the thermodynamic modelling, but also a Cr2O3 
phase which is not predicted by modelling. There are studies in the literature confirming 
the generation of these type of carbides in similar W-C-Cr-Fe systems. Some previous 
research work on W-C-Cr-Fe systems suggested the formation of undesirable brittle eta-
phase M6C and another brittle carbide M23C6, since both Cr and Fe have a strong affinity 
to carbon [1-3]. Gustafson [4-5] showed the thermodynamic and experimental study of 
the quaternary W-C-Cr-Fe system, in which the replacement of all the Cr element in the 
Cr23C6 led to the carbide with stoichiometry Fe21W2C6. Weidow et al. [6] found a 
(W,Cr)2C phase as an intermediate product in the carburisation of a W+Cr3C2+C mixture. 
Brieseck et al. [7] reported that (W,Cr)2C phase was formed at the interphase of Cr3C2-
WC diffusion couple during the heat treatment process, which also demonstrates the 
solubility of Cr in W2C. The calculated phase diagram of W-C-Cr-Fe system in Chapter 
4.2 also suggests a small solubility of Cr in W2C in the terms of (W,Cr)2C phase. 
With regard to XRD studies, some differences can be observed between the theoretically 
predicted and the experimentally phases detected. Although the formation of Cr2O3 is not 
predicted from the calculated phase diagram in which oxygen was not included, the XRD 
analyses confirm its formation, since some Cr coming from the binder may be oxidised 
during the sintering process due to the strong affinity of Cr with O. In addition, the 
calculated chromium carbide M7C3 is not detected in these XRD spectra due the oxidation 
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of Cr and loss of C. Fe3W3C and Fe21W2C6 carbides are detected in all Cr-based WC 
hardmetals, which is not consistent with the modelling results that indicated that Fe3W3C 
only existed in the hardmetals with extra 1 wt.% and 3 wt.% Fe additions, and Fe21W2C6 
was only found in the hardmetal with extra 5 wt.% Fe addition. This is due to the non-
equilibrium state taking place in the real sintering conditions, where these two carbides 
are formed during the heating and they remain stable after cooling.  
 
Figure 6.1. XRD spectra for Cr-based WC hardmetals sintered by LPS at 1450 °C with different extra Fe 
additions. 
Representative micrographs of the sintered Cr-based WC hardmetals, with different extra 
Fe contents, are shown in Figure 6.2 in order to analyse the obtained microstructure. EDX 
analyses are performed on these micrographs to further investigate the composition of the 
formed phases, as listed in Table 6.1. Although EDX is a semi-quantitative method for 
measuring the content of an element in a phase, the results are still useful to quantitatively 
determine the formed phases and to compare these data with the previous XRD results. 
Figure 6.2 shows multi-phasic structures, where WC, (W,Cr)2C, Fe3W3C, Fe21W2C6 and 
Cr2O3 phases are heterogeneously distributed within the Cr-based binder, which agrees 
well with the previous XRD analyses. Table 6.1 with the EDX data shows that the black 
areas (labelled as 1) rich in Cr and O correspond to Cr2O3 phase, since Cr has a strong 
affinity to O at high temperature, although Ar atmosphere is used to limit the O content. 
The light grey and white areas correspond to the metallic binder (labelled as 2) and WC 
hard phase (labelled as 3), respectively, which are the main phases in Cr-based WC 
hardmetals. (W,Cr)2C is labelled as 4. Fe3W3C and Fe21W2C6 are difficult to be 
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distinguished by EDX since their compositions are very similar. Thus, they are labelled 
as 5 in Figure 6.2. Our previous results also demonstrated the formation of a Fe3W3C 
phase mixed with a Fe21W2C6 phase after studying the microstructure of a hard Cr-based 
composite by EBSD [8].  
 
Figure 6.2. BSE micrographs with low and high magnification of Cr-based WC hardmetals with  different 
extra Fe contents sintered by LPS (0 wt.%, 1 wt.%, 3 wt.% and 5 wt.% Fe).  
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Table 6.1. Chemical elemental content measured by EDX in the selected areas of Cr-based WC 
hardmetals with different extra Fe contents (0 wt.%, 1 wt.%, 3 wt.% and 5 wt.% Fe).  
Cr-based WC hardmetals Data W (at.%) C (at.%) Cr (at.%) Fe (at.%) O (at.%) 
0 wt.% Fe 
1 2.54 15.47 26.65 5.21 50.13 
2   20.78 24.57 35.42 10.43 8.80 
3   37.83 49.85 1.66 1.98 1.67 
4  45.05 34.04 18.60 0.24 2.07 
1 wt.% Fe 
1 5.34 14.50 35.16 1.20 43.80 
2   19.36 17.64 48.56 11.53 2.91 
3   49.57 44.56 2.06 2.08 1.73 
4  45.80 40.21 12.21 0.54 1.24 
3 wt.% Fe 
1 3.14 4.25 26.47 5.32 60.82 
2   33.40 42.88 7.24 11.25 5.23 
3   47.29 45.41 3.18 3.06 1.06 
4  45.41 34.59 17.78 1.47 0.75 
5 27.82 23.71 1.68 45.32 1.47 
5 wt.% Fe 
1 4.47 10.13 23.76 6.45 55.19 
2   28.32 10.88 33.08 19.28 8.44 
3   37.89 45.33 6.21 3.00 7.56 
4  46.99 38.52 10.57 2.45 1.47 
5 25.77 30.47 2.61 40.21 0.94 
Figure 6.3 shows the microstructural evolution of the WC grains with the addition of extra 
Fe contents in Cr-based WC hardmetals. The WC grains (in white colour) grow 
significantly with the increase of Fe content. Two reasons contribute to this phenomenon: 
(i) compared to fast sintering techniques, LPS process provides more energy and time for 
atoms to be transported and for interface motion [9]; (ii) the addition of Fe powders with 
high surface energy improves the sinterability, leading to the growth of WC grains [10]. 
 
Figure 6.3. BSE micrographs showing the growth of WC grains with the increase of the extra Fe content. 
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6.2.2 Mechanical properties of Cr-based WC hardmetals with extra Fe 
contents 
Generally, the mechanical properties of Cr-based WC hardmetals mainly depend on their 
density, composition, and WC grain size. In order to investigate the effect of adding extra 
Fe contents on the mechanical properties of Cr-based WC hardmetals, an analysis 
including the relationship between relative density, average WC grain size, Vickers 
hardness, and fracture toughness is needed. All these results are displayed in Figure 6.4.  
 
Figure 6.4 Relative density and average WC grain size (a), Vickers hardness and toughness (b) for Cr-
based WC hardmetals with different extra Fe additions sintered by LPS at 1450 °C. 
Figure 6.4(a) shows a relative density increase with the increase of the extra Fe content 
from 0 to 5 wt.%. Two main reasons contribute to this fact. Firstly, the extra Fe addition 
decreases the melting point of W-C-Cr-Fe system, thus improving the densification of 
Cr-based WC hardmetals. Secondly, the particle size of the extra Fe powder is very small 
(less than 1 µm) with a high amount of surface energy and this increases the sinterability 
of Cr-based WC hardmetals. The contact angle is also reduced by the higher surface 
energy due to the addition of fine Fe powders [9]. A lower contact angle induces liquid 
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spreading over the solid grains, providing a capillary attraction that helps to densify the 
system [10]. Zhu et al. [11] demonstrated that additions of smaller starting particles led 
to an improved densification. On the other hand, Figure 6.4(a) shows that the average 
grain size of WC increases from 4.2 µm to 7.9 µm with the increase of the Fe content 
from 0 to 5 wt.% due to the improvement of the sinterability, which matches with the 
growth of WC observed in the microstructural analysis (Figure 6.3).  
Another important fact is that Cr-based WC hardmetals exhibit an enhancement of the 
hardness with the increase of the Fe content between 0-3 wt.%, as shown in Figure 6.4 
(b), and a slight deterioration of its value when extra 5 wt.% Fe is added due to two 
opposite factors: (i) the improved density leads to an increase in hardness, and (ii) the 
hardness decreases when the growth of WC grain size takes places, according to Hall-
petch relationship [12]. As shown in Figure 6.4 (a), the WC grains for hardmetals with 5 
wt.% of extra Fe have a bigger average size (7.9 µm) than the size presented by the one 
with extra 3 wt.% Fe (6.5 µm). The fracture toughness value of Cr-based WC hardmetals 
firstly increases with the increase of extra Fe content from 0 wt.% to 3 wt.%, due to the 
enhancement of the densification, and then decreases slightly with the increase of Fe from 
3 wt.% to 5 wt.%, since the amount of the brittle Fe21W2C6 carbide grows, as observed in 
the microstructural images  of Figure 6.2. Thus, the Cr-based WC hardmetal with extra 3 
wt.% Fe content is selected as the precursor to study the effect of C content due to its best 
mechanical properties.  
6.3 Effect of different C contents on sintered Cr-based WC hardmetals 
6.3.1 Phase identification and microstructural analyses 
Figure 6.5 shows the X-ray diffraction spectra of Cr-based WC hardmetals (all with extra 
3 wt.% Fe addition) designed with different extra C additions. The XRD results show the 
existence of WC, Fe3W3C, Fe21W2C6, Cr7C3 and binder phase. The (W,Cr)2C carbide is 
not detected, since the extra addition of C may prevent the formation of (W,Cr)2C. 
Mühlbauer et al. [13] reported that W2C tends to be transformed into WC phase with the 
increase of the C content, which may lead to the inhibition of (W,Cr)2C. It is worth 
highlighting that Cr2O3 appears in the Cr-based WC hardmetals without extra C additions 
and now it disappears with an extra addition of C, since C could reduce most of the oxides 
and remove them from the sample by forming gaseous species such as CO and CO2. 
Kaplan et al. [14] studied WC-CoCr hardmetals with an extra addition of C content, 
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concluding that part of the carbon eliminates the most of the oxides in the terms of CO 
and CO2. Another effect of C is that it could reduce the formation of Fe3W3C phase. The 
intensity of XRD peaks corresponding to Fe3W3C decreases with the increase of the C 
content, which is also predicted by the calculated phase diagram. Generally, Fe3W3C is a 
typical brittle eta-phase found in W-C-Fe system, which decreases the toughness of 
hardmetals significantly even when this phase exists in small amount [5]. Some 
researchers have reported that the formation of eta-phases would be reduced or inhibited 
with the addition of C [15]. So adding extra C contents aims to avoid this undesirable 
brittle phase in the final microstructure. In the XRD spectra, Cr7C3 is detected when 
adding more than 1 wt.% of extra C content, not the formation of Cr3C2 as predicted by 
the modelling results since the reaction of C and O leads to a reduction of the C content 
and to the formation of Cr7C3 after cooling. The expected graphite suggested by the 
modelling results is not found in the XRD patterns, when extra 2 wt.% C content is added. 
This fact may be also explained by the preferred reaction of carbon with oxygen forming 
CO and CO2.  
 
Figure 6.5. XRD spectra for Cr-based WC hardmetals (all with extra 3 wt.% Fe addition) sintered by LPS 
at 1450 °C with different extra C additions. 
Figure 6.6 shows the representative BSE micrographs of Cr-based WC hardmetals (all 
with 3 wt.% extra Fe content) with different extra C additions and sintered by LPS at 
1450 °C for 30 min. Very fine pores (less than 1 µm) exist in the Cr-based WC with 0.5 
wt.% C addition, as shown by the small black spots present in Figure 6.6(a). The white 
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and grey areas represent WC hard phase and Cr-based binder, respectively. Cr7C3 is 
detected when adding more than 1 wt.% of extra C content, which agrees with the 
existence of Cr7C3 in the XRD analyses of these Cr-based hardmetals (Figure 6.5). Figure 
6.6(b) shows that fine WC particles are preferentially located along the grain boundary 
of Fe21W2C6/ Fe3W3C (light black) and Cr7C3 (dark black), since these new interfaces 
could become preferred sites for the precipitation of WC. As a result, the distribution of 
the WC hard phase becomes more uniform than that in Cr-based hardmetals without extra 
C additions. The growth of WC grain size is also reduced when adding extra C additions, 
compared to the microstructure achieved when only 3 wt.% of extra Fe is added (Figure 
6.3). Kaplan also reported that the formation of M7C3 helped to inhibit the growth of WC 
by studying the effect of C on a WC-CoCr hardmetal [16].  
 
Figure 6.6.  BSE micrographs with low and high magnification for Cr-based WC hardmetals (3 wt.% Fe) 
with different extra C additions and sintered by LPS: 0.5 wt.% C (a), 1 wt.% C (b), and 2 wt.% C (c). 
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6.3.2 Mechanical properties of Cr-based WC hardmetals with extra C 
contents 
The microstructural analyses performed highlight that adding C content exerts a 
significate effect on the microstructure, including the reduction of the WC average grain 
size and the decrease in the content of Fe3W3C. Thus, these variations in structure 
definitely influence the mechanical properties. In order to study the influence of extra C 
contents, Figure 6.7 describes the relationship between relative density, average WC grain 
size, Vickers hardness and toughness for Cr-based WC hardmetals with different extra C 
additions.  
 
Figure 6.7. Density and average WC grain size (a), Vickers hardness and toughness (b) for Cr-based WC 
hardmetals (with 3 wt.% Fe) with different extra C additions sintered by LPS at 1450 °C. 
Figure 6.7(a) shows that the relative density increases with the increase of extra C content 
between 0 wt.% and 1 wt.%, and decreases when extra 2 wt.% C is added. This fact can 
be due to the elimination of the oxides in the samples by adding C (0-1 wt.%), thus 
promoting the densification. The relative density decreases when extra 2 wt.% C is added, 
since more extra C content increases the melting point of W-C-Cr-Fe system due to its 
high melting point.  
6. Cr-based hardmetals obtained by liquid phase sintering 
 
106 
 
The hardness and fracture toughness of Cr-based hardmetals also exhibit an improvement 
with the increase of the extra C content between 0-1 wt.% and a deterioration of these 
values when 2 wt.% of C is added. This behaviour can be explained by three factors:  
a) The mechanical properties primarily depend on the density and follow the similar 
trend of the density, as depicted in Figure 6.7(a). 
b) The hardness increases significantly from 1419 HV30 to 1617 HV30 with the 
increase of the extra C content between 0-1 wt.%, since the WC average grain size 
decreases from 6.5 µm to 0.4 µm, as shown in Figure 6.7(a), leading to an 
improvement of hardness based on the Hall-petch relationship [12]. This reduction 
of the WC grain size is due to the effect of the carbon content on favouring the 
formation of Cr7C3 carbides, which seems to inhibit the growth of WC grains, as 
Kaplan suggested [16]. There is a slight decrease of the hardness with the addition of 
and extra C content from 1 to 2 wt.% due to the reduction of the relative density 
achieved and to a small growth of the WC grain size.  
c) The toughness value of Cr-based WC hardmetals increases significantly with the 
increase of the C content (0-1 wt.% C) since the formation of brittle Fe3W3C is 
reduced. The toughness decreases when extra 2 wt.% is added, due to the decrease in 
the density reached and to the growth of the brittle Cr7C3 carbide.  
Thus, the Cr-based WC hardmetal with extra 3 wt.% Fe and 1 wt.% C addition achieves 
the highest hardness and toughness values combination (1647 HV30 and 6.0 MPam1/2). 
Usually, the fracture toughness has a tendency in complete oposition to the hardness. In 
PM materials, toughness is much more sensitive to the density than to other 
microstructural features, and this allows a simultaneous increase of hardnesss and 
toughness due to the improvement of the density and the achievement of an optimised 
microstructure when extra 1 wt.% C is added. 
Althouh Cr-based WC hardmetals sintered by LPS exhibit a optimised combination of 
hardness and toughness values (1647 HV30 and 6.0 MPam1/2), the fracture toughness (KIC) 
is still low compared to that of LPSed Co-based WC hardmetals (8-20 MPam1/2). 
However, Cr-based WC hardmetals are still comparable to Fe-based WC hardmetals 
(1496-1645 HV30 and 5.0-9.5 MPam1/2) [17-18]. These Cr-based WC hardmetals could 
be used in applications such as woodcutting tools and wear-resistant tools, where a 
relative high hardness and low toughness are needed. Furthermore, Cr-based WC 
hardmetals could also be used as unimportant tools in those applications in which the low 
price is more important than the durability, since the complete substitution of Co binders 
would decrease the cost.  
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6.4 Summary and conclusions 
In this chapter, liquid phase sintering of Cr-based WC hardmetals, with the compositions 
designed after the thermodynamic modelling of the phase diagrams, is performed. The 
effect of different extra Fe or Fe/C additions on microstructure, phase formation, 
densification and mechanical properties of Cr-based WC hardmetals are listed in the 
following conclusions: 
(1) The WC grain size and the relative densification values are increased with the 
increase of the Fe content since fine Fe powders with high surface energy improve 
the sinteribililty of Cr-based WC hardmetals, and extra Fe content also decreases the 
melting point of the W-C-Cr-Fe system.  
(2) In the case of Cr-based WC hardmetals with different Fe additions, XRD analyses 
confirm the formation of (W,Cr)2C, Fe3W3C, and Fe21W2C6 phases, which is 
consistent with the thermodynamic modelling. Furthermore, Cr2O3 is formed since 
Cr has a strong affinity to O. This oxide was obviously not expected from the 
thermodynamic calculation, which did not include oxygen in the phase diagrams. The 
microstructural analyses agree with XRD results, confirming the existence of Cr2O3. 
The study concerning mechanical properties shows that Cr-based WC hardmetal with 
extra 3 wt.% Fe addition achieves the best hardness and fracture toughness 
relationship. Thus, the Cr-based WC hardmetal with 3 wt.% Fe is selected as the 
precursor for further studying the effect of different extra C additions. 
(3) XRD results and microstructural analyses show that Cr2O3 disappears with the 
addition of small quantities of C, since C could reduce most of the oxides and remove 
them from the sample by forming gaseous species such as CO and CO2.  
(4) Extra 1 wt.% C addition induces the formation of Cr7C3, leading to a finer WC more 
homogenously distributed within the Cr-based binder phase. When extra 2 wt.% C 
content is added, the growth of the Cr7C3 carbide is favoured, which is detrimental 
to the toughness. 
(5) The Cr-based WC hardmetal with extra 3 wt.% Fe and 1 wt.% C additions achieves 
the best mechcanical properties due to two main reasons. One is that the relative 
densification is improved with the increase of the extra C content from 0 wt.% to 1 
wt.%. Another reason is the formation of a microstructure with a smaller WC average 
grain size (< 1 µm). 
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Nevertheless, the fracture toughness achieved in LPSed Cr-based WC hardmetals is not 
too high, probably due to the existence of big brittle carbides with different compositions 
(Fe21W2C6/Fe3W3C and Cr7C3) randomly distributed within the binder. This 
microstructure obtained by LPS method does not allow a significant further improvement 
of the toughness. For this reason, the next step of this investigation is based on the study 
of the viability of consolidating Cr-based WC hardmetals by a fast solid state processing 
technique, as is the case of Spark Plasma Sintering (SPS), in order to limit the growth of 
undesirable and brittel carbides, leading to the further improvement of the fracture 
toughness.   
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7.1 Cr-based WC hardmetals obtained by spark plasma sintering 
This chapter discusses the characteristics of Cr-based WC hardmetals with different extra 
Fe or Fe/C contents consolidated by SPS under different conditions. The Fe content and 
the parameters for the consolidation are optimised based on the analyses of the shrinkage, 
microstructure, phase formation, density, hardness and fracture toughness. Then, the 
effect of different extra C contents on the properties of Cr-based WC hardmetals with an 
optimum Fe content is investigated. Finally, these developed Cr-based hardmetals with 
different extra carbon contents are deeply characterised in terms of microstructure, phase 
formation, density, hardness, fracture toughness, nanoindentation measurements, 
compressive strength, oxidation resistance and wear resistance. From the properties 
achieved, a study of the viability of introducing these new Cr-based hardmetals in the 
market is addressed. 
7.2 Cr-based WC hardmetals with different extra Fe contents 
7.2.1 SPS conditions 
A series of investigations aims to provide better knowledge in the effect of SPS 
parameters on the densification process of Cr-based WC hardmetals with different Fe 
contents. Table 7.1 lists the SPS parameters used and the corresponding Cr-based WC 
powders. The consolidation temperature and the applied pressure are set to 1200 °C and 
50 MPa, respectively. The selected consolidation temperature is 100 °C lower than the 
eutectic temperature of the W-C-Cr-Fe system, when an extra 3 wt.% Fe content is added. 
The heating rate and holding time are in the range of 200-400 °C/min and 5-10 min, 
respectively.  
Table 7.1. SPS parameters for Cr-based WC powders with different extra Fe contents. 
Cr-based WC powders with 
different extra Fe contents 
Consolidation 
temperature (°C) 
Heating rate 
(°C/min) 
Holding 
time (min) 
Applied  
pressure (MPa) 
0 wt.% Fe 1200 200 5 50 
1 wt.% Fe 1200 200 5 50 
1 wt.% Fe 1200 400 5 50 
3 wt.% Fe 1200 400 5 50 
3 wt.% Fe 1200 400 10 50 
7.2.2 Shrinkage 
The goal of this study is to analyse the effect of the heating rate and the holding time on 
the densification of Cr-based WC hardmetals during SPS process. The shrinkage curves 
of Cr-based WC hardmetals with different extra Fe contents and the evolution of the 
applied pressure are shown in Figure 7.1. The stroke in abscissa axis means the 
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displacement of the punch during the sintering, which is directly related to the 
densification of the Cr-based WC hardmetal. The relative density achieved for each 
sample is labelled near the corresponding curve. Therefore, the highest stroke 
corresponds to the highest density reached. Three main stages can be observed in the 
evolution of the stroke: (i) the stroke increases at the beginning since powders are 
contracted during the application of an increasing pressure from 0 to 50 MPa, (ii) then, 
there is a decrease in the stroke due to the thermal expansion of the powder, and (iii) the 
stroke in all samples significantly increases during the fast heating process, and finally 
remains stable during the subsequent dwell process. The highest densification of Cr-based 
hardmetals is achieved in the third stage, labelled as (iii), due to the simultaneous 
application of maximum pressure and sintering temperature. During the cooling process, 
the densification is finished and without relation to the stroke. Cr-based WC powders 
with extra Fe contents present a higher shrinkage than powders without extra Fe, since 
the Fe addition, in terms of a spherical and fine carbonyl iron powder with high specific 
surface energy, improves the rearrangement and sinterability under solid-state sintering. 
The curve obtained for a heating rate of 400 °C/min, when adding 1 wt.% of extra Fe 
content, shows a larger shrinkage than that of 200 °C/min, since a higher heating rate 
could supply more energy in the same time, favouring the sintering and leading to a higher 
densification. Another advantage of using a higher heating rate is the reduction of the 
processing time, which limits the grain growth of the WC grain size. On the other hand, 
longer holding times (10 vs. 5 min.) are usually beneficial for the densification of Cr-
based WC hardmetals, although the grains will grow slightly, as it will be explained later. 
 
Figure 7.1 Shrinkage curves of Cr-based WC powders and evolution of the applied pressure during the 
consolidation by SPS. The relative density achieved is labelled in each corresponding curve.  
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7.2.3 Phase identification and microstructural analyses 
Figure 7.2 shows the XRD spectra obtained from Cr-based WC hardmetals consolidated 
by SPS with different extra Fe contents. The identification of the peaks patterns confirms 
the existence of Cr2O3, FeCr2O4, WC, and Cr-based binder in the reference sample 
without extra iron contents. Fe6W6C phase appears with an extra 1 wt.% Fe content. 
Fe6W6C phase is transformed into Fe3W3C phase when extra 3 wt.% Fe content is added, 
which is consistent with the modelling results. Oliver et al. [1] also detected the formation 
Fe6W6C and Fe3W3C carbides in the densification of a W-Fe-C (O) system. In their 
research, the percentages of precipitated phases estimated through the areas of the XRD 
diffraction peaks demonstrated that Fe6W6C was transformed into Fe3W3C carbide with 
the increase of the Fe/W ratio. Suetin et al. [2] calculated the relative stability of the 
Fe3W3C and Fe6W6C carbides by determining their formation energies, concluding that 
Fe3W3C carbide has a higher formation energy and then this carbide is less stable.  
 
Figure 7.2. XRD spectra of Cr-based WC hardmetals sintered by SPS with different extra Fe contents. 
The microstructure of the Cr-based WC hardmetals with different extra Fe contents is 
characterised by the presence of three phases with distinct contrast, i.e. grey (binder), 
white (WC), and black (Cr2O3), as can be seen in Figure 7.3, in which SEM images 
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coupled to EDX analysis are shown. A significant difference in microstructure can be 
observed between Cr-based hardmetals processed by SPS and LPS. The hard WC phase 
is fine and it is homogenously distributed in the binder phase in all SPS samples, since 
this solid-state sintering allows a much higher heating rate and a shorter holding time than 
LPS. With the increment of the iron content in SPSed hardmetals, the densification is 
improved and the growth of WC grain size is reduced. 
 
Figure 7.3. BSE micrographs of Cr-based WC hardmetals with different extra Fe additions consolidated 
by SPS at 1200 °C (heating rate, holding time, and relative density are labelled in each micrograph). 
FeCr2O4, Fe3W3C and Fe6W6C phases detected by XRD analyses are not labelled in these 
micrographs due to their relative small size and content. In order to further understand 
the effect of the Fe content on the phase formation of different carbides (Fe3W3C and 
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Fe6W6C), TEM-EDX mapping analyses are carried out on the Cr-based WC hardmetals 
with different extra Fe contents. The EDX elemental mapping images of Cr-based WC 
hardmetals without Fe additions (Figure 7.4) illustrate the existence of a WC phase, which 
corresponds to the white region in the HAADF image. The black area comprises three 
phases with different compositions: (1) Cr2O3 phase, elemental analyses show the 
stoichiometric ratio of 2Cr to 3O (the formation of Cr2O3 is confirmed in later discussion); 
(2) FeCr2O4, with higher Cr content than Fe, and (3) Fe-rich binder consisting mainly of 
Fe and a few amount of Cr.  
 
Figure 7.4. HAADF-STEM image of Cr-based WC hardmetal without extra Fe contents consolidated by 
SPS: 1200 °C-200 °C/min-5 min-50 MPa. EDX elemental mapping images showing W (yellow), C 
(green), O (red),  Cr (pink), and Fe (blue), and the corresponding elemental at.% values in selected areas 
and points of the image.  
Furushima et al. [3] produced WC-FeAl composites by vacuum sintering technique. The 
author pointed that oxygen suppressed the WC grain growth, and improved the hardness 
and the strength due to the formation of α-Al2O3 on WC/WC interface. They further 
confirmed the existence of α-Al2O3 by selected area diffraction analysis, demonstrating 
that the composition of FeAl binder varied by the generation of α-Al2O3. Thus, in our 
particular case, the formation of Cr2O3 could be desirable for improving the hardness and 
the strength of Cr-based hardmetals. 
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Figure 7.5 shows a higher magnification of the interface between WC and Cr2O3, marked 
by the red circle in Figure 7.4, which reveals the existence of a thin interphase. Elemental 
mapping results indicate that this interphase consists of W, C, Cr and O, without any Fe 
content. A line scanning is performed across the interface with a thickness of around 50 
nm to further analyse the elemental distribution. The elemental EDX line scanning in 
Figure 7.6 proves that the atomic ratio of W-Cr and C approximates to 2:1, suggesting 
that it could be a (W,Cr)2C carbide. Thus, elemental distribution in the interphase proves 
that there is some solubility of Cr in W2C even in solid-state.   
 
Figure 7.5. HAADF-STEM image showing an interphase formed by (W,Cr)2C along the interface 
between WC and Cr2O3, and EDX elemental mapping images showing W (yellow), C (green), O (red), Cr 
(pink), and Fe (blue).  
 
Figure 7.6. EDX line scanning profile across the interphase (W,Cr)2C generated between WC and Cr2O3. 
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In addition, a HRTEM image is obtained at the interphase (Figure 7.7). The yellow and 
red circles represent the W and Cr atoms, respectively, which clearly confirms the 
solubility of Cr in W2C. The calculated atomic radius of W and Cr atom by measuring 
carefully their diameter in the HRTEM image are 217 pm and 130 pm, respectively, 
which fits with the real value of 210 pm for W and 128 pm for Cr [4]. This interphase 
does not appear at all the boundaries between WC and Cr2O3 phases, but it is confined to 
local WC particles with less C content. The nature of (W,Cr)2C is confirmed to have a 
hexagonal close packed structure with a lattice constant a = 4.3078 Å, obtained from the 
TRTEM image. W2C is reported in the literature to present a lattice constant of 4.2410- 
4.2660 Å in a range of 1200-1400 °C [5]. This measured lattice parameter is larger than 
that of W2C since the enlarged lattice parameter is caused by the solubility of the Cr atom 
in W2C. Delanoe et al. [6] also reported that the partial Cr solubility in W2C is predictable 
in terms of formation of (W, Cr)2C carbide in the W-C-Cr system [7]. So based on these 
analyses, it can be concluded that an interphase formed by (W,Cr)2C occurs between WC 
and Cr2O3 phases during SPS consolidating process, which may improve the bonding 
strength and the toughness of Cr-based WC hardmetals.   
 
Figure 7.7. HRTEM image of the interface between WC and Cr2O3: W atom in yellow circle and Cr atom 
in red circle.  
Figure 7.8 depicts a HAADF image and the EDX elemental mapping images of Cr-based 
WC hardmetals with an extra 1 wt.% Fe content consolidated by SPS (1200 °C-
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400 °C/min-5 min-50 MPa). WC, Cr2O3, Fe6W6C and Cr-based binder phase are observed, 
which agrees well with the XRD results, and also a very thin layer of (W,Cr)2C carbide 
between Cr2O3 and WC.  The comparison of the HAADF images of Cr-based WC with 
extra 0 wt.% and 1 wt.% Fe content, points out that the Fe addition has a significant effect 
on the microstructure and phase formation. Some regions, marked by red lines (Figure 
7.8), represent the Fe6W6C phase. EDX point analyses indicate that the stoichiometric 
ratio of Fe, W, and C is closed to 6:6:1. Figure 7.8 also suggests that the growth of WC 
is limited when extra Fe contents are added due to the formation of Fe6W6C. 
 
Figure 7.8. HAADF-STEM image of the Cr-based WC hardmetal with an extra 1 wt.% Fe content 
consolidated by SPS: 1200 °C-400 °C/min-5 min-50 MPa. EDX elemental mapping images showing Cr 
(pink), O (red), Fe (blue), C (green), and W (yellow) and the corresponding elemental at.% values of 
selected points.  
Figure 7.9 displays a HAADF image and the EDX elemental mapping images of the Cr-
based WC hardmetals with an extra 3 wt.% Fe content consolidated by SPS (1200 °C-
400 °C/min-10 min-50 MPa). WC, Cr2O3, Fe3W3C, binder phase and very thin (W,Cr)2C 
are detected. Therefore, the results suggest that the Fe6W6C is transformed into Fe3W3C 
phase when an extra 3 wt.% Fe content is added, which is consistent with the XRD 
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analyses. Both crystal structures, Fe3W3C and Fe6W6C, belong to the space group Fd-3m, 
where W occupies the 48f sites and Fe is placed in two non-equivalent 32e and 16d sites, 
whereas C is located in the 16c sites for Fe3W3C and in the 8a sites for Fe6W6C [8].  
The regions 1 and 2, marked by the red lines in Figure 7.9, are rich in Cr-O, and Fe-W-
C, respectively. EDX point analyses demonstrate that the stoichiometric ratio of Cr and 
O is 2: 3 in region 1, and of Fe, W, and C is 3:3:1 in region 2. In addition, selected area 
electron diffraction (SAED) patterns are obtained in the marked regions 1 and 2 to further 
identify the formation of Cr2O3 and Fe3W3C phases, respectively.   
 
Figure 7.9. HAADF-STEM image of the Cr-based WC hardmetal with an extra 3 wt.% Fe content 
consolidated by SPS: 1200 °C-400 °C/min-10 min-50 MPa. EDX elemental mapping images showing Cr 
(pink), O (red), Fe (blue), C (green), and W (yellow), and the corresponding elemental at.% values of 
selected points.  
The SAED (selected area electron diffraction) patterns in regions 1 and 2 are carefully 
analysed and compared with the reciprocal lattices calculated from standard 
crystallographic parameters (Table 7.2). Figure 7.10(a) shows the standard crystalline 
structure of Cr2O3 built using the lattice parameters listed in Table 7.2. The reciprocal 
lattice is obtained creating a 3D crystalline structure parallel to the [110] zone axis using 
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the Crystalmaker software, as shown in Figure 7.10(b). Figure 7.10(c) shows the SAED 
pattern of the region 1. The reciprocal interplanar distances d1, d2, and d3 of the crystal 
planes in Figure 7.10(b), and the reciprocal interplanar distances d'1, d'2, and d'3 of the 
crystal planes in Figure 7.10(c), are measured from the center of the bright spots to the 
nearest spots. 
Table 7.2. Crystallographic parameters of Cr2O3 [11] and Fe3W3C [12]. 
Phase a (Å) b (Å) c (Å) Alfa (°) Beta (°) Gamma (°) Space group 
Cr2O3 4.9570 4.9570 13.5923 90 90 120 R-3c 
Fe3C3W 11.1075 11.1075 11.1075 90 90 90 Fd-3m 
Figure 7.10. Identification of Cr2O3 phase: (a) crystalline structure, (b) reciprocal lattice ([110] zone axis) 
obtained from standard Cr2O3, (c) SAED pattern of region 1 in Figure 7.9.  
The calculated interplanar distances ratios by means of the equations (1-2) fit well with 
those measured in the SAED pattern, which demonstrates that the black area must be 
Cr2O3 phase. 
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Cr2O3 is a hard oxide that exhibits a low friction coefficient, high wear and corrosion 
resistances, and high melting point (2435 °C) [9-10]. Therefore, a homogenous 
distribution of fine and round Cr2O3 phases within the microstructure may be beneficial 
to achieve good values of hardness, toughness, oxidation resistance and wear resistance. 
Figure 7.11 shows the standard crystalline structure of Fe3W3C built using the lattice 
parameters listed in Table 7.2, the reciprocal lattice of the phase creating a 3D crystalline 
structure parallel to the [345] zone axis using the Crystalmaker software, and the SAED 
pattern obtained in region 2.  
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Figure 7.11. Identification of Fe3W3C phase: (a) crystalline structure, (b) reciprocal lattice ([345] zone 
axis) obtained from standard Fe3W3C, (c) SAED pattern of region 2 in Figure 7.9.  
The interplanar distance ratios calculated with the equations (3-4) also fit well with those 
in the SAED pattern of Figure 7.11(c), confirming the existence of Fe3W3C in region 2. 
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7.2.4 Mechanical properties 
The values of relative density, average WC grain size, Vickers hardness, and fracture 
toughness reached by SPSed Cr-based WC hardmetals with different extra iron contents, 
are shown in Figure 7.12. 
 
Figure 7.12. Relative density and average WC grain size (a) and Vickers hardness and fracture toughness 
values (b) for Cr-based WC hardmetals consolidated by SPS with different extra Fe contents. 
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Figure 7.12(a) highlights the increase of the relative density with the iron content. This 
trend is mainly due to two factors: (i) the addition of a fine and round Fe powder with a 
high surface energy improves the sinterability of Cr-based WC hardmetals; (ii) a higher 
heating rate (400 °C/min) or a longer holding time (10 min) supplies more energy for 
sintering, leading to a higher densification. 
Figure 7.12(b) shows that the Vickers hardness slightly increases with the increase of the 
Fe content and it is further enhanced when a higher heating rate or a longer holding time 
is used, which is due to a combination of three factors: (i) extra Fe contents help to 
improve the density, leading to a higher hardness; (ii) the application of higher heating 
rates or longer holding times improves the density, which leads to further enhancement 
of hardness, (iii) the average grain size of WC decreases with the increase of the Fe 
content, since the formation of Fe6W6C/Fe3W3C prevents its growth. The WC grain size 
grows slightly from 324 nm to 330 nm when a longer holding time (10 min) is applied. 
The fracture toughness also increases with the increase of the Fe content and it is further 
enhanced when higher heating rates or longer holding times are used. The main reason 
comes again from the improvement of the density. Moreover, the existence of a (W,Cr)2C 
phase between WC and Cr2O3 may improve the toughness. 
A more homogenous microstructure than that obtained by LPS is reached during solid 
state sintering. In addition, SPSed samples present higher relatively densities and smaller 
WC grain sizes than LPS samples. The large brittle carbide like M23C6, detected in LPS 
sintering, is not found in the SPS microstructure, which improves the fracture toughness. 
Therefore, the differences found in the microstructure and in the phases formed in 
samples sintered by LPS and SPS explain the improvement of the mechanical properties, 
which is consistent with the assumption made in the previous chapter considering that the 
limitation of the growth of the brittle carbides under a solid-state sintering by a FAST 
technique would enhance the properties. 
Although Cr-based WC hardmetal with an extra 3 wt.% Fe content exhibits a high 
hardness value of 1910 HV30 and a toughness value of 6.5 MPam1/2, the toughness is still 
relative low. This could be due to the existence of brittle ŋ-phase, which deteriorates the 
toughness. Thus, the next study proposed in this investigation is based on the addition of 
different extra C contents into the Cr-based WC hardmetals, aiming to reduce or inhibit 
the formation of brittle phases.  
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7.3 Cr-based WC hardmetals with different extra C contents 
7.3.1 SPS conditions 
The Cr-based WC hardmetal with extra 3 wt.% Fe content achieves the highest 
hardness/toughness values, so this material is selected as the precursor for studying the 
effect of adding extra C contents from 0.5 wt.% to 2 wt.%. Table 7.3 lists the SPS 
parameters applied. The sintering temperature and the applied pressure are chosen to be 
increased from 1200 °C and 50 MPa to 1350 °C and 80 MPa, respectively, in order to 
obtain near full density, since the thermodynamic results showed that the melting point 
increases with the increase of the C content and a higher pressure also improves the 
densification. The heating rate and dwell time are fixed to 400 °C/min and 10 min, 
respectively. The C content is crucial for developing hardmetals, since the phase 
formation is largely determined by their C content. There exists C diffusion between the 
powders and the graphite tools during SPS process, leading to a deviation of the C content 
from the original design. Thus, a high purity tungsten foil (thickness of 25 μm) is used to 
cover the die and punches during SPS to avoid the effect of the C diffusion between the 
graphite tools and the powders. Two different SPS treatments (with and without using W 
foil) are carried out on Cr-based WC hardmetals with an extra 0.5 wt.% C content to 
analyse the effect of inserting a W foil on the carbon contamination of the samples. In 
order to determine the carbon content introduced, the real total C value in each sintered 
sample is measured by a chemical analysis and results are shown in Table 7.3. Indeed, 
when the W foil is not used, the real carbon content is a little bit higher due to carbon 
contamination coming from the graphite tools. Anyway, the real carbon contents 
measured by LECO almost match with the designed carbon compositions. 
Table 7.3. SPS parameters for Cr-based WC powders with the designed total carbon contents and the real 
total carbon contents measured by LECO. 
Cr-based WC powders  
with different C additions 
 
Designed 
C content 
(wt.%) 
Measured 
C content 
(wt.%) 
Sintering 
temperature 
(°C) 
Heating 
rate 
(°C/min) 
Holding 
time 
(min) 
Applied 
pressure 
(MPa) 
Applied 
W foil 
3 wt.% Fe + 0.5 wt.% C 5.59 5.27±0.09 1350 400 10 80 Yes 
3 wt.% Fe + 0.5 wt.% C 5.59 5.57±0.05 1350 400 10 80 No 
3 wt.% Fe + 1 wt.% C 6.03 6.17±0.09 1350 400 10 80 Yes   
3 wt.% Fe+ 2 wt.% C 6.96 6.91±0.04 1350 400 10 80 Yes 
7.3.2 Shrinkage 
The shrinkage curves of Cr-based WC powders with different extra C contents and the 
evolution of the applied pressure are shown in Figure 7.13. The real total C content for 
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each Cr-based WC sample is given in the figure. The relative density achieved for each 
Cr-based WC hardmetal is also labelled near the corresponding curve. The Cr-based WC 
hardmetal with extra 0.5 wt.% addition presents a higher densification than those with 
extra 1 and 2 wt.% C contents, since the carbon content increases the melting point of the 
system. Three main stages could be again observed in the evolution of the stroke: (i) the 
stroke firstly increases due to the contraction of powders under the application of an 
increasing pressure from 0 to 80 MPa, (ii) then, the stroke decreases slightly due to the 
thermal expansion of the powders, and (iii) the stroke increases sharply during the fast 
heating process since the main densification is obtained under the simultaneous 
application of the maximum pressure and the sintering temperature, and finally remains 
stable during the subsequent dwell process. In order to further study the effect of C on the 
Cr-based WC hardmetals, their phase formation, microstructure, density and mechanical 
properties are investigated. 
 
Figure 7.13. Shrinkage of Cr-based WC powders with different C contents and evolution of the applied 
pressure during the consolidation by SPS.  
7.3.3 Phase identification and microstructural analyses 
Figure 7.14 shows the XRD diffraction spectra obtained from Cr-based WC hardmetals 
with different C contents sintered by SPS (1350 °C+400 °C/min+10 min+80 MPa). The 
identification of the peaks confirms the existance of three main phases: WC, Cr2O3, and 
Cr-based binder. Small new peaks are dectected in Cr-based WC hardmetals with 
different C contents. The spectra with a higher magnification of the Cr-based WC 
hardmetals with extra 0.5 wt.% of carbon content, obtained after SPS using or not a W 
foil to avoid the C contamination, clearly show peaks due to the Fe3W3C phase formed 
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for the lower total carbon content (5.3 wt.% C), which disappear with a small increase in 
the total real carbon content (5.6 wt.% C). (Cr,Fe)7C3 and graphite are dectected in the 
Cr-based WC hardmetals with extra 1 wt.% and 2 wt.% additions, respectectively. Thus, 
the XRD results confirm that the addition of carbon could prevent the formation of the 
Fe3W3C phase. Moreover, the total carbon content in Cr-based WC hardmetal should be 
carefully tailored with a value around 5.6 wt.%, in order to generate a microstructure only 
composed of WC, Cr2O3, and Cr-based binder, since Fe3W3C is be formed if the C content 
is lower, whereas a higher content induces the formation of (Cr,Fe)7C3 or graphite. 
 
Figure 7.14. XRD spectra of the Cr-based WC hardmetals sintered by SPS with different total C contents. 
Figure 7.15 presents the representative SEM micrographs of the consolidated Cr-based 
WC hardmetals with different extra C contents. EDX analyses are also performed to 
identify the different phases. Figure 7.15(a) shows that Fe3W3C carbide (dark grey) is 
indeed formed in the Cr-based WC with the lower total carbon content (5.3 wt.% C). 
Figure 7.15(b) proves that this h-phase disappears with a higher total carbon content (5.6 
wt.% C). Figure 7.15(c) and (d) show that (Cr,Fe)7C3 (dark grey) and graphite phases 
(black) are found in the Cr-based WC samples with extra 1 wt.% and 2 wt.% carbon 
contents, respectively. The formed phases identified by microstructural analyses are 
completely consistent with the previous XRD results. On the other hand, the content of 
Cr2O3 decreases from 9.2 to 8.4 wt.% (the measurements are based on the calculation of 
its area in the BSE images) with the increase of the total C content from 5.6 to 6.9 wt.%, 
due to the reaction of oxygen and carbon forming a gaseous compound.  
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Figure 7.15. BSE micrographs of Cr-based hardmetals consolidated by SPS: (a) 0.5 wt.% C addition 
(total: 5.3 wt.% C), (b) 0.5 wt.% C addition (total: 5.6 wt.% C), (c) 1 wt.% C addition (total: 6.2 wt.% C), 
and (d) 2 wt.% C addition (total: 6.9 wt.% C). TEM lamellas are prepared in the regions (i) and (ii) of the 
image (b). The microstructures in the white circles of figures (c) and (d) are magnified to the right.  
In order to further analyse the formed phases, TEM lamellas are prepared in the regions 
labelled as (i) and (ii) in the Figure 7.15(b). Then, TEM-EDX mapping analyses are 
carried out in the TEM lamellas to confirm the existence of (Cr,Fe)7C3 and graphite in the 
Cr-based WC samples. Figure 7.16 shows the HAADF-STEM images of regions (i) and 
(ii) in the Cr-based WC hardmetal with a total C content of 5.6 wt.%, together with the 
corresponding EDX elemental mapping images and the EDX analyses in selected areas. 
These results confirm the existence of a Cr-based binder, WC, thin (W,Cr)2C and Cr2O3.  
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Figure 7.16. HAADF-STEM images in regions (i) and (ii) of Figure 7.15(b) in the Cr-based WC 
hardmetal with a total C content of 5.6 wt.%, and EDX elemental mapping images showing W (yellow), 
Fe (blue), Cr (pink),  C(green) and O (red). Corresponding elemental at.% values in selected areas. 
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The WC grains are developed with prismatic shapes and with a fine average grain size of 
100 nm. Considering the relationship between WC grain size and hardness of WC-Co 
hardmetals [13], a distribution of nanosized WC grain size may lead to an extremely high 
level of hardness.  
Figure 7.17 shows the HAADF-STEM image of the Cr-based WC hardmetals with an 
extra 1 wt.% C content (total: 6.2 wt.% C), the EDX elemental mapping and the EDX 
area analyses performed in four different areas. The elemental mappings demonstrate that 
the grey area is formed by C, Fe, and Cr elements. In addition, the EDX area analyses 
show that the stoichiometry of C and Fe-Cr approximates to 3:7. Thus, the compound is 
probably (Cr,Fe)7C3, as was suggested by the XRD results. Kaplan  et al. [14] also 
reported the formation of this carbide type M7C3 (M = Fe and Cr) in WC-CoCr hardmetals 
after the sintering process. 
 
Figure 7.17. HAADF-STEM image of the Cr-based WC hardmetal with an extra 1 wt.% C content (total: 
6.2 wt.% C) consolidated by SPS. EDX elemental mapping images showing W (yellow), C ( green), Fe 
(blue), O (red), and Cr (pink). Corresponding elemental at.% values in selected areas. 
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Figure 7.18 shows the HAADF-STEM image of Cr-based WC hardmetals with an extra 
2 wt.% C content  (total: 6.9 wt.% C), the corresponding EDX elemental mapping and the 
elemental at.% values in selected areas of the specimen. There is a black region with two 
different contrasts: a light dark and a deep black. The selected elemental mappings 
demonstrate that the deep black area is rich in carbon, whereas the light dark area 
corresponds to Cr2O3. Thus, some carbon exists as graphite in the Cr-based WC hardmetal 
with an extra 2 wt.% C content after SPS consolidation. The presence of graphite is not 
useful in these materials since this phase exhibits a low hardness, which is definitely 
harmful to the mechanical properties.  
 
Figure 7.18. HAADF-STEM image of the Cr-based WC hardmetal with an extra 2 wt.% C content (total: 
6.9 wt.% C) consolidated by SPS. EDX elemental mapping images showing W (yellow), C ( green), Fe 
(blue), O (red), and Cr (pink). Corresponding elemental at.% value in selected areas. 
After the STEM analyses in these three Cr-based WC hardmetals with a total carbon 
contents of 5.6, 6.2 and 6.9 wt.%, it is worth mentioning that the (W,Cr)2C carbide always 
is found as a thin interphase between WC and Cr2O3. This fact is really important, since 
the (W,Cr)2C phase will contribute to increase the toughness of the material. This phase 
was not detected by XRD, probably due to its small amount within the specimen. 
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As main conclusion after all these microstructural analyses, it can be affirmed that the 
carbon content in Cr-based WC hardmetals determines the phase formation. The different 
phases will influence the properties. Hence, the best combination of properties would be 
achieved when the formation of undesirable phases, such as Fe3W3C, (Cr,Fe)7C3 or 
graphite, is avoided. Therefore, mechanical properties of Cr-based WC hardmetals with 
different carbon contents will be evaluated and discussed in the next sections, by means 
of hardness-fracture toughness measurements, nanoindentation and compressive tests.   
7.3.4 Mechanical properties  
7.3.4.1 Hardness and fracture toughness  
Representative images of the cracks generated in Cr-based WC hardmetals with different 
C contents after Vickers hardness tests are shown in Figure 7.19. The values of fracture 
toughness (KIC) are calculated from the measurement of the total crack length emanating 
from the four corners and the indentation lengths, using the Palmqvist indentation method 
with a load of 30 kg.  
 
Figure 7.19. Images of the cracks generated by Palmqvist indentation performed in SPSed Cr-based WC 
hardmetals with different carbon contents, (a) 0.5 wt.% extra C content (total: 5.3 wt.% C), (b) 0.5 wt.% 
extra C content (total: 5.6 wt.% C), (c) 1 wt.% extra C content (total: 6.2 wt.% C), and (d) 2 wt.% extra C 
content (total: 6.9 wt.% C). 
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The mean values of Vickers hardness (HV30) and KIC are obtained from the average value 
of at least four tests. Results are listed in Table 7.4.  
Table 7.4. Measured total crack length and indentation length in SPSed Cr-based WC hardmetals and 
their corresponding average hardness and fracture toughness values. 
Cr-based hardmetals with 
different extra C contents 
Total crack 
length (µm) 
Indentation 
length (µm) 
HV30  
(kgf/mm2) 
KIC 
(MPam1/2) 
HV30        
(kgf/mm2) 
!"#
     
(MPam1/2) 
0.5 wt.% C addition 
(total: 5.3 wt.% C) 
1.089 0.162 2086 6.6 
2094±10 6.9±0.2 
1.045 0.163 2046 7.1 
1.065 0.162 2073 6.7 
1.054 0.162 2100 6.9 
0.5 wt.% C addition 
(total: 5.6 wt.% C) 
0.728 0.159 2200 8.2 
2219±16 8.2±0.1 
0.711 0.158 2228 8.3 
0.767 0.158 2228 8.0 
0.731 0.158 2220 8.2 
1 wt.% C addition 
(total: 6.2 wt.% C) 
0.887 0.161 2146 7.3 
2164±31 7.4±0.2 
0.881 0.161 2146 7.3 
0.865 0.160 2173 7.4 
0.860 0.162 2170 7.4 
2 wt.% C addition  
(total: 6.9 wt.% C) 
0.850 0.170 1924 7.1 
1914±13 7.0±0.1 
0.857 0.170 1924 7.0 
0.853 0.171 1902 7.0 
0.851 0.171 1905 7.1 
Figure 7.20 shows the relative density, average WC grain size, Vickers hardness, and 
fracture toughness of the Cr-based WC hardmetals with different extra carbon contents 
consolidated by SPS. Figure 7.20(a) shows that all these Cr-based WC hardmetals have 
achieved near full density, indicating that the application of a higher sintering temperature 
(1350 ºC instead of 1200 ºC used in samples without extra carbon contents) and a higher 
pressure (80 MPa instead of 50 MPa applied in samples without extra carbon contents) 
are beneficial sintering parameters for improving the densification. The relative density 
increases slightly from 99.6 to 99.7 % with the increase of the carbon content from 5.3 to 
5.6 wt.%, since the small extra C addition may react with oxygen and remove some 
oxygen in the terms of gaseous CO/CO2, leading to an improvement in density. Then, the 
relative density decreases from 99.6 to 99.2 % with the increase of the carbon content 
from 5.6 to 6.9 wt.%, since the addition of more C content increases the melting point of 
W-C-Cr-Fe system, leading to a reduction of the final densification reached.  
The hardness and fracture toughness depend on the density achieved, the phases formed 
and the size of the grains. In particular, the toughness is very sensitive to the presence of 
pores, so it varies following a similar trend to that of density, as shown in Figure 7.20(b). 
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Figure 7.20 Relative density and average WC grain size (a) and Vickers hardness and fracture toughness 
values (b) for Cr-based WC hardmetals consolidated by SPS with different extra C contents. 
Anyway, it is important to also consider that the fracture toughness increases firstly with 
the increase of the total carbon content from 5.3 to 5.6 wt.%, since the carbon addition 
reduces the formation of brittle Fe3W3C. Subsequently, the fracture toughness begins to 
decrease with the increase of the total carbon content from 5.6 to 6.9 wt.% due the 
formation of  brittle (Cr,Fe)7C3 or graphite. Then, both factors: density and formation of 
different phases are responsible for the evolution followed by the fracture toughness. 
On the other hand, the hardness is affected by the average WC grain size. Schubert et al. 
[13] reported that the influence of the grain size on the mechanical properties of 
hardmetals is commonly expressed in an equation that has the Hall-Petch form: the values 
of hardness increase with the reciprocal root of the grain size over the range of 
conventional grain sizes. When the grain size of WC reaches the nanoscale, the increase 
of hardness in nanostructured composites does not decrease their bulk fracture toughness 
[15]. The average WC grain size of Cr-based WC hardmetals with a total carbon content 
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of 5.6 wt.% is close to 100 nm, which is the main factor leading to an extremely high 
value of hardness (2219 HV30), considering that the volume fraction of WC 
reinforcement is only 70%, which is lower than the 80% usually added to commercial 
WC-Co hardmetals. With the increase of the carbon content above 5.6 wt.% the WC grain 
starts to grow significantly from 100 to 650 nm, decreasing notably the hardness values 
reached. 
The Cr-based WC hardmetal with 5.6 wt.% of total carbon content has achieved the best 
combination of high hardness and toughness data (2219 HV30 + 8.2 MPam1/2), which are 
competitive values with those exhibited by commercial WC-Co hardmetals. For this 
reason, this is the lower total carbon content (5.6 wt.%) selected for the subsequent 
analyses (nanoindentation tests, compressive tests, oxidation measurements and wear 
tests) since below this value the fracture toughnes and harness values are poorer. 
7.3.4.2 Nanoindentation tests 
The nanohardness and Young’s modulus of Cr-based WC hardmetals with different extra 
C contents are calculated by nanoindentation tests. Twenty-five indentations are carried 
out on each Cr-based WC hardmetal, in order to obtain the average value of hardness and 
elastic modulus. Figure 7.21 shows the evolution of hardness (H) and reduced Young’s 
modulus (Er) as a function of the penetration depth. The measured H and Er data, 
corresponding to the Cr-based WC hardmetals with extra 0.5 and 1 wt.% C contents, 
exhibits a more uniform distribution against the penetration depth than those of the Cr-
based WC hardmetal with 2 wt.% of extra C content, probably due to the existence of a 
more homogeneous microstructure without presence of soft graphite. The average 
nanohardness and reduced modulus values of the Cr-based WC hardmetals with extra 0.5, 
1 and 2 wt.% carbon contents are H=27.7±0.4 GPa and Er =335.8±3.0 GPa, H=25.9±0.2 
GPa and Er =269.8±2.0 GPa, and H=23.4±1.7 GPa and Er =308.6±10.1 GPa, respectively. 
The trend of nanohardness agrees with our previous results: the hardness decreases with 
the increase of the extra C content from 0.5 to 2 wt.%. The real elastic modulus (E) of 
Cr-based WC hardmetals with extra 0.5, 1, and 2 wt.% carbon contents are calculated 
with the equation 3-9 and they reach a value of E=456.0±3.1 GPa, E=337.2±2.0 GPa, and 
E =405.4±11.2 GPa, respectively, which are comparable data to those exhibited by 
commercial WC-Co hardmetals, with values are ranging from 350 to 700 GPa [16].  
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Figure 7.21. Evolution of hardness and reduced Young’s modulus against penetration depth obtained by 
nanoindentation tests performed in Cr-based WC hardmetals with different extra C contents. 
These results suggest that the presence of big areas of (Cr,Fe)7C carbide in the sample 
with 1 wt.% of extra carbon content (previously shown in Figure 7.15) produces a 
significant drop in the elastic modulus. Finally, it is worth mentioning that the 
nanoindentation tests demonstrate the extremely high nanohardness and good Young’s 
modulus obtained in the Cr-based hardmetal with extra 0.5 wt.% C content. 
7.3.4.3 Compressive tests 
The compressive strength is another important mechanical property for hardmetals in 
service used as cutting tools, since it reflects the ability of the bulk material to sustain the 
compressive deformation. Thus, the compressive stress and strain of Cr-based WC 
hardmetals are investigated in this section. The compressive stress-strain curves of SPSed 
Cr-based WC hardmetals with different C contents at RT, 300 °C, and 600 °C are 
presented in Figure 7.22. All samples have a brittle fracture behaviour from RT to 600 °C, 
since these curves are nearly linear with limited plastic deformation until the final fracture. 
The Cr-based WC hardmetals with extra 0.5 wt.% of C content (total: 5.6 wt.% C) and 
extra 2 wt.% additions (total: 6.9 wt.% C) have the highest and the lowest maximum 
compressive stresses from RT to 600 °C, respectively. Lee et al. [17] demonstrated that 
the compressive strength of hardmetals was directly related to their hardness and 
toughness at room temperature. The Cr-based WC hardmetal with extra 0.5 wt.% C 
content has the best combination of hardness and toughness values at room temperature, 
leading to the highest compressive strength, as expected, since this hardmetal consists of 
only WC hard phase, (W,Cr)2C, Cr2O3, and Cr-based binder. On the contrary, additional 
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(Cr,Fe)7C3 or soft graphite phase exist in the Cr-based WC hardmetals with extra 1 and 2 
wt.% C contents, respectively, which will decrease their compressive strength. The 
fracture strain during compressive tests is controlled by the crack propagation [18]. Thus, 
the maximum compressive strain achieved at room or at elevated temperature is 
dependent on the phase formation and on the density reached by the samples. Therefore, 
the Cr-based WC hardmetal with extra 0.5 wt.% C content, without presenting phases 
such as (Cr,Fe)7C3 or graphite, having the smallest WC grain size and exhibiting the 
higher density, has reached the highest compressive strain which agrees with the 
phenomenon detected in Co-based WC hardmetals [16]. In all cases, the drop of the 
strength is observed with the increase of temperature since the strength of Cr-based binder 
becomes lower due to a softening phenomenon. This phenomenon is in good agreement 
with the similar tendency observed in WC-Co hardmetals, in which the reduction of their 
maximum compressive strength at high temperature is related to the softening of the Co 
phase [16]. There exist small “steps” (marked by blue circles) present in the stress-strain 
curve of the Cr-based WC hardmetal with an extra 0.5 wt.% carbon content (total: 5.6 
wt.% C), as shown in Figure 7.22(a), due to cracks formed during the application of the 
pressure which may lead to delamination.  
 
Figure 7.22. Stress-strain curves of SPSed Cr-based WC hardmetals with different extra C contents: (a)  
0.5 wt.% C (total: 5.6 wt.% C), (b) 1 wt.% C (total: 6.2 wt.% C), and (c) 2 wt.% C (total: 6.9 wt.% C). 
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The maximum stress and strain values reached in Cr-based WC hardmetals with different 
extra C contents are plotted as a function of the temperature (from RT to 600 °C), as can 
be seen in Figure 7.23. 
The analysis of the curves plotted in Figure 7.23 shows that both maximum stress and 
strain continually decrease with the increase of the temperature from RT to 600 °C. 
The fracture stress and strain are controlled by the crack propagation and by the softening 
of the binder phase. In the Cr-based WC hardmetal with extra 0.5 wt.% C content, there 
is a smaller amount of big brittle carbides and then less crack growth.  
 
Figure 7.23. Mean value and deviation of the maximum stress (a) and strain (b) of Cr-based WC 
hardmetals with different C contents at RT, 300 °C, and 600 °C.  
The microstructure of the Cr-based WC hardmetals with extra 0.5 wt.% C content (total: 
5.6 wt.% C) after compressive test at different temperatures are presented in Figure 7.24. 
Figure 7.24(a), corresponding to tests performed at RT, shows a separated layer after the 
compressive test, which may correspond to the “steps” found in the strain-stress curve. 
At elevated temperature, the softened Cr-based binder speeds up the crack propagation 
and further failure. Especially at 600 °C, the EDX analysis demonstrates that the surface 
of the tested sample is oxidised, as shown in Figure 7.24(e), which may be another reason 
for the reduction of the strength due to the decrease of the volume of the bulk materials 
under stress.  
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Figure 7.24. Microstructure of the Cr-based WC hardmetal with extra 0.5 wt.% C content after 
compressive tests under different temperatures (general view images on the left and higher magnification 
of the white square region on the right): (a) and (b) RT, (c) and (d) 300 °C, (e) and (f) 600 °C. EDX 
analysis in the oxidised layer (marked white circle region). 
Figure 7.25 shows the microstructure of the Cr-based WC hardmetals with extra 1 wt.% 
C content after compressive test at different temperatures. The microstructural analyses 
show the existence of brittle 3 phase and the oxidised layer at 600 °C. In order to explain 
the fracture pathways in WC-Co hardmetals, Sigl and Exner [19] reported a fracture 
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model in which cracks propagate transgranularly through carbides and intergranularly 
between binder grains. For this nano-sized hardmetal, Sigl and Exner correlations 
reasonably predict an increase of both transgranular fracture through the carbide crystals, 
and fracture through the binder phase, since the contiguity of WC decreases with the 
increase of the WC grain size [20]. The compressive strength decreases with the decrease 
of the toughness due to a lower density and a higher WC grain size, leading to linear crack 
paths with less energy consumption. In addition, the thickness of the oxidised layer for 
the hardmetal with 1 wt.% of extra carbon content is even thicker than that of the Cr-
based WC hardmetal with an extra 0.5 wt.% C contents at 600 °C, as shown in Figure 
7.24(e), which is another reason for a worse compressive strength. 
 
Figure 7.25. Microstructure of the Cr-based WC hardmetals with extra 1 wt.% C content after 
compressive tests at different temperatures (general view images on the left and higher magnification of 
the white square area on the right): (a) and (b) RT, (c) and (d) 300 °C, (e) and (f) 600 °C.  
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Figure 7.26 presents the microstructure of Cr-based WC hardmetals with extra 2 wt.% C 
addition after compressive test at different temperatures. More cracks and defects appear 
in this microstructure due the existence of soft graphite, as reported in WC-Co hardmetals 
[21]. Trung et al. [22] also found that the existence of free graphite decreases the 
mechanical properties of WC-stainless steel hardmetals, since graphite acts as “pores”, 
inducing the formation and growth of cracks. Thus, the Cr-based WC hardmetal with 
extra 2 wt.% C content has less plastic deformation and less strength than the Cr-based 
WC hardmetal with extra 0.5 and 1 wt.% C additions. 
 
Figure 7.26. Microstructure of the Cr-based WC hardmetal with extra 2 wt.% C content after compressive 
tests at different temperatures (general view images on the left and higher magnification of the white 
square area on the right): (a) and (b) RT, (c) and (d) 300 °C, (e) and (f) 600 °C.  
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The above investigated mechanical properties are important approaches to assess the 
industrial interest of Cr-based WC hardmetals.  In addition, in order to determine the 
viability of using them in other specific applications, such as oxidation and wear resistant 
parts, the oxidation and wear resistances of these Cr-based WC hardmetals also need to 
be deeply characterised. 
7.4 Oxidation resistance 
In addition to a good combination of toughness and hardness, hardmetals used as cutting 
tools also require a high oxidation resistance. The oxidation resistance of Cr-based WC 
hardmetals samples with different extra C contents are evaluated by an isothermal method 
using a thermogravimetric analyzer (TGA, Q50 instrument). Then, specimens are 
exposed at three different temperatures (750, 800, and 850 °C) at a heating rate of 
20 °C/min and with a holding time of 1 h. The flow of synthetic air is of 10 ml/min. 
Furthermore, in order to calculate the value of the activation energy by the isoconversion 
method, two sintering rates (5 and 20 °C/min) are used when Cr-based WC hardmetals 
samples are heated at 850 °C. All these experiments are repeated for two times, in order 
to ensure the consistence in the results. Prior to the oxidation tests, all the samples with a 
cuboid shape (2×2×3 mm) are well polished and cleaned in propanol for 10 min followed 
by drying in furnace at 110 °C for 30 min.  
Figure 7.27 shows the evolution of the mass gain per unit area (α) in Cr-based WC 
hardmetals with different extra C contents (0.5, 1, and 2 wt.%) after 1 h at three different 
temperatures: 750, 800, and 850 °C. The black line indicates the corresponding evolution 
of temperature during the heating process. Figure 7.27(a) shows a small reduction of the 
α value between 200 and 600 °C. This phenomenon may be due to the decarburisation of 
WC into W2C or W in Cr-based WC hardmetals, just before these three samples begin to 
be oxidised. Voitovich et al. [23] also reported the formation of  W2C or metallic W as 
decarburisation products obtained at the initial stage of oxidation, which were responsible 
for the decrease of mass gain during oxidation of a WC-Co hardmetal alloy at 
temperatures between 50 and 600 °C. The curves demonstrate that the oxidation 
resistance decreases with the increase of the carbon content, since the value of α increases 
for the same heating treatment. The oxidation is controlled by a surface chemical reaction 
in which the reactant is converted to another material leaving behind the unreacted layer 
[24], since a typical linear increase of α with time is observed during the oxidation, taking 
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place during the soaking time at the maximum temperature in all Cr-based WC hardmetals. 
Aristizabal et al. [25] also demonstrated that the oxidation of WC-Co and WC-NiCoCr 
hardmetals between 650 and 800 °C was also controlled by a surface chemical reaction, 
during which empirical rate law was linear. Figure 7.27(c) shows that the heating rate  (in 
a range from 5 to 20 ºC/min) has a small effect on the oxidation rate once the maximum 
temperature is reached, since the value of α increases slightly for the lowest heating rate 
of 5 °C/min. 
 
Figure 7.27. TGA analyses: mass gain per unit area (α) against time for Cr-based WC hardmetals with 
extra 0.5, 1 and 2 wt.% carbon contents after 1 h at different isothermal temperatures (a) 750 °C, (b) 
800 °C, and (c) 850 °C. 
Figure 7.28 shows mass gain per unit area (α) against temperature for Cr-based 
hardmetals with different extra C additions, together with Co-based and Ni-based 
hardmetals data detailed in the literature for the same heating conditions [25-26]. In these 
investigations, the increase of the binder content improved the oxidation resistance, since 
the metallic binder (Co, Ni and Ni-Co) decreased the oxidation rate of WC-based 
hardmetals compared to pure tungsten carbide [23], [25]. In this work, all the Cr-based 
hardmetals (WC-10Cr-6.8Fe), with only 16.8 wt.% of binder content, show a better 
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oxidation resistance than Co-based and Ni-based hardmetals with higher binder contents 
(25 wt.%). Even the Cr-based hardmetal with an extra 2 wt.% C content, which has the 
highest α value of the hardmetals proposed in this research, exhibits an excellent oxidation 
resistance compared to Co-based and Ni-based hardmetals [25]. The Cr-based WC 
sample with an extra 0.5 wt.% C contents exhibits the highest oxidation resistance from 
750 to 850 °C, since it has the lowest α value. The oxidation rates depend on the oxidation 
products formed, which will be discussed in detail during the following phase 
identification and microstructural analyses.  
 
Figure 7.28. Mass gain per unit area (α) vs. temperature corresponding to Cr-based, Co-based and Ni-
based hardmetals under the same isothermal experiments at 750, 800, and 850 °C [25-26]. 
Figure 7.29 presents the XRD patterns obtained from the oxide layers of Cr-based WC 
hardmetals with different extra C contents after the TGA tests. The XRD results show 
that the composition of the oxide layers formed in all the Cr-based WC hardmetals is 
similar, mainly consisting of tungsten trioxide, WO3, and tungstate, M2WO6 (M=Cr and 
Fe). Iron oxide (Fe2O3) and chromium oxide (Cr2O3) are also found in the oxide layers. 
A peak corresponding to graphite is detected in the Cr-based WC hardmetal with extra 2 
wt.% C addition, which means that graphite may also exist in the oxide layer. 
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Figure 7.29. XRD diffraction patterns obtained from the oxide layers formed in Cr-based WC hardmetals 
with extra 0.5, 1 and 2 wt.% C contents after TGA tests at different temperatures (750, 800, and 850 °C). 
Figure 7.30 displays the microstructure and phase composition (obtained by EDX area 
analysis) of the oxide layers present in Cr-based WC hardmetals with different carbon 
contents, after the isothermal TGA tests carried out at 850 °C for 1 h. The thickness of 
the oxide layer increases with the increase of both temperature and C content. Cr2O3, 
CrFeWO6 and WO3 phases are found in the surface of all Cr-based WC hardmetals, as 
expected from XRD results. Graphite is detected in the Cr-based WC hardmetal with extra 
2 wt.% C addition, which is in accordance with the previous XRD results. The main 
oxidation products consist of two phases: CrFeWO6, which appears as relatively dense 
agglomerates, and WO3, having a sponge-like structure. Based on the differences found 
in density and morphology, it is can be inferred that CrFeWO6 has a higher oxidation 
resistance than WO3. Aristizabal et al. [25] and Bautista et al. [27] also demonstrated the 
formation of M2WO6 (M=Co) and WO3 compounds in the oxide layer formed in WC-Co 
hardmetals. They reported that the increase of M2WO6 to M2WO6 + WO3 ratio in the 
oxide layer is beneficial to improve the oxidation resistance, since the dense M2WO6 has 
a higher oxidation resistance than WO3 with sponge-like structure.  
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Figure 7.30. Representative BSE images of the oxide layers in Cr-based hardmetals with different extra C 
contents after the isothermal TGA test carried at 850 °C for 1 h with a heating rate of 20 °C/min (general 
view images on the left and higher magnification of the white square area on the right): (a) and (b) 0.5 
wt.% C, (c) and (d) 1 wt.% C, (e) and (f) 2 wt.% C. White lines represent EDX line scanning. EDX area 
analyses are taken in regions labelled as 1, 2, and 3.  
Selected EDX area and line scanning analyses are carried out in Cr-based WC hardmetals 
to further characterise the phase composition and the elemental distribution along the 
oxide layer, as depicted in Figure 7.31. The elemental distributions and EDX spectra 
shown in Figure 7.31 correspond to the line scanning across the oxide layers (white lines) 
and the selected areas labelled as 1, 2 and 3 in Figure 7.30, respectively. The obtained 
spectra confirm that CrFeWO6 and WO3 are the main oxidation products and also confirm 
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the existence of graphite when extra 2 wt.% C is added. Figures 7.31 (a) and (b) show the 
increase of the oxygen content across the oxide layer depth from the surface of the bulk 
material in Cr-based WC hardmetals with extra 0.5 and 1 wt.% C contents. The surface 
materials are converted to the oxidised products, leaving behind the unreacted matrix, and 
O can diffuse from the external porous oxide, leading to the accumulation of O in the 
surface of the unreacted materials [28]. The O content tends to be stable in the oxide layer 
of the Cr-based WC hardmetal with extra 2 wt.% addition, since graphite reacts with O 
forming CO/CO2.   
 
Figure 7.31. Lines canning across the oxide layers and corresponding EDX spectra in different areas of 
Cr-based hardmetals with different extra C contents: (a) 0.5 wt.% C, (b) 1 wt.% C, and (c) 2 wt.% C. 
The original phases existing in Cr-based WC hardmetals definitely influence the 
oxidation rate at different temperatures. In order to know how Cr-based binder and WC 
phase are oxidised at different temperatures, Figure 7.32 shows the microstructural 
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evolution of the oxide layers between 750 and 850 °C. It is possible to observe that the 
interface between the oxide layer and the matrix becomes rougher when the temperature 
increases. Thus, more material is transformed into oxidation products. The different 
phases present in the original hardmetal may lead to different oxidation behaviours. For 
example, Cr2O3 has more oxidation resistance than (Cr,Fe)7C3 or graphite. The 
microstructural images in Figure 7.15 show that Cr-based WC hardmetal with extra 0.5 
wt.% C content has the highest Cr2O3 phase amount, leading to the lowest oxidation rate 
and the thinnest oxidation layer.  
 
Figure 7.32. Microstructural evolution of interface between oxide layer and matrix in Cr-based WC 
hardmetals with the additions of 0.5, 1 and 2 wt.% C at 750, 800 and 850 °C. 
In order to summarise the effect of temperature and C content on the oxidation process, 
mass gain per unit area (α), activation energy (Ea), M2WO6 (M=Cr and Fe) to M2WO6 + 
WO3 ratio, and thickness of oxide layer in Cr-based WC hardmetals with different extra 
C contents at different temperature are listed in Table 7.5. The ratio between M2WO6 and 
M2WO6+WO3 phases has been estimated by comparing the intensity of their strongest 
XRD diffraction peaks: (100) for WO3 and (110) for CrFeWO6 (Figure 7.29). The 
activation energy for oxidation is determined by the isoconversion method comparing the 
evolution of the mass gain per unit area (α) against time for two different heating rates (5 
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and 20 °C/min) [26], [29]. The value of α increases with the increase of temperature, 
producing more oxidised products, since a higher temperature supplies more energy for 
the oxidation process. The ratio between M2WO6 and M2WO6+WO3 increases with the 
increase of C content, leading to an improvement of the oxidation resistance, considering 
that the dense M2WO6 phase has more oxidation resistance than porous WO3 [30]. Suresh 
et al. [31] also reported that the oxidation products of W0.5Cr0.5 alloys from 800 to 1000 °C 
were mainly formed by a mixture of Cr2O3, Cr2WO6 and WO3. On the other hand, the 
increase of the carbon content decreases the oxidation resistance of Cr-based WC 
hardmetals, due to the Ea decrease with the increase of C content. Although there are two 
opposite parameters acting on the corrosion resistance, the ratio M2WO6/M2WO6+WO3 
and the activation energy, the Ea seems to be the predominant factor since the hardmetal 
with the highest Ea and the lowest ratio is the one with the best oxidation resistance 
(corresponding to the lowest extra carbon content). 
Table 7.5. Mass gain per unit area (α), activation energy (Ea), CrFeWO6 to CrFeWO6 + WO3 ratio 
(estimated from the XRD intensities) and thickness of oxide layer in Cr-based WC hardmetals with 
different C contents at three different temperatures: 750, 800, and 850 °C.  
Cr-based WC 
hardmetals  
α  
(mg/cm2) 
Ea 
(kJ/mol) 
 !(110)"#$%&'*
 !(100)&'+ ,  !(110)"#$%&'*
× 100. Thickness 
(µm) 
Temperature 
(°C) 
Extra 0.5 wt.% C 
(total: 5.6 wt.% C) 
2.0±0.2 
269 
32 17±2 750 
4.8±0.2 34 60±8 800 
6.0±0.5 41 70±10 850 
Extra 1 wt.% C 
(total: 6.2 wt.% C) 
3.8±0.4 
251 
33 29±5 750 
12.8±0.8 43 201±12 800 
16.0±0.4 45 260±10 850 
Extra 2 wt.% C 
(total: 6.9 wt.% C) 
4.2±0.5 
221 
40 160±5 750 
16.5±0.8 50 380±12 800 
27.0±1.0 54 448±15 850 
After summarising the results obtained from XRD, microstructural and EDX analyses, 
and taking into consideration the referenced general oxidation behaviour of Ni-based WC 
hardmetals [23] and Co-based WC hardmetals [32], it can be concluded that Cr-based 
WC hardmetals exhibit a superior oxidation resistance than the other two hardmetals 
under the same conditions. Particularly, the Cr-based WC hardmetal with extra 0.5 wt.% 
C addition has the highest oxidation resistance among all Cr-based WC hardmetals. 
In addition, another study of the oxidation resistance of Cr-based WC hardmetals with 
different extra C contents is carried out by furnace heating in air at 900 °C during 24 h, 
and comparing the results obtained with the data corresponding to the oxidation of WC-
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AISI304 and WC-Co hardmetals under the same conditions [33], as shown in Figure 7.33. 
The mass gain per unit area in Cr-based WC hardmetals is much lower than that of WC-
AISI304 and WC-Co hardmetals, which also demonstrates the highest oxidation 
resistance of Cr-based WC hardmetals. The Cr-based WC hardmetal with extra 0.5 wt.% 
C content again has the lowest mass gain per unit area, which agrees with the previous 
analyses using the TGA technique. Thus, the use of Cr-based binders in the hardmetal 
industry, alternatively to Co-based binder, may be advantageous in those applications in 
which a high oxidation resistance is needed. 
 
Figure 7.33. Mass gain per unit area of Cr-based WC hardmetals with different extra C contents, WC-
AISI304, and WC-Co hardmetals after thermal treatment at 900 °C for 24 h in air [33]. 
7.5 Wear resistance 
Wear resistance is one of the most important properties in hardmetals that are used as 
cutting tools. Many investigations have reported that the tribological characteristics of 
WC-Co hardmetals are directly related to their chemical composition, content of WC, 
microstructure, average grain size, and extra carbide additions such as using Cr3C2 and 
VC [34-35]. Generally, the wear resistance of WC-Co hardmetals increases with the 
increase of the volume fraction of WC and with the refinement of the WC grain size [36-
38]. More particularly, wear performance improves significantly when the average WC 
grain is reduced towards nanometer scale [39-41]. This investigation is focused on the 
study of the wear resistance of Cr-based WC hardmetals with different extra C contents 
(0.5, 1 and 2 wt.%) by unlubricated sliding wear tests performed with two different 
tribometers (Bruker and Wazau-TRM 2000 equipment) under different wear conditions.   
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7.5.1 Dry ball-on-plate system with Bruker tribometer 
7.5.1.1 Friction coefficient and wear surface analyses 
Dry ball-on-plate tests are performed on a tribometer using reciprocating linear 
movement. In the tests, samples act as the moving body, whereas the counter materials is 
the static body. The imposed normal force (FN) and the concomitant tangential friction 
force (FT) of the count ball part are continuously recorded using a load and a friction 
sensor [42], respectively, when a load of 15 or 18 N is applied against Cr-based WC 
hardmetals (Figure 7.34). The static friction force (FT) is calculated using the following 
equation:  
 ! =
"#$,%&'"("#$,%)*"
+
                                         (7-5) 
The coefficient of friction (µ) is calculated from the FT/FN ratio. Figure 7.34 shows that 
the recorded normal contact force seems to correspond very well to the imposed contact 
load of this particular case, which is 18 N. The friction force appears either positive or 
negative, depending on the sliding direction. 
 
Figure 7.34. Real time normal force (FN) and friction force (FT) for a load of 18 N, frequency of 5 Hz, 
stroke length of 5 mm, as function of time for Cr-based WC hardmetals [42]. 
The evolution of the friction coefficient (µ) for Cr-based WC hardmetals with different 
extra carbon contents is displayed in Figure 7.35. Two loads (15 N and 18 N) are applied 
to study the effect of force on the friction coefficient, µ. Generally, the friction coefficient 
increases rapidly throughout the first seconds, which is attributed to the quick increase of 
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ball-on-disc contact area [42]. After the initial stage, the variations in µ become smaller 
in the “running in” stage, and it reaches an equilibrium state of stable value, since the 
wear track becomes smoother after ploughing away the surface asperities [43]. However, 
the friction coefficient observed in Cr-based WC hardmetals with an extra 2 wt.% C 
content appears slightly inconstant due to the existence of soft graphite phase. Thus, the 
surface with graphite has less resistance to overcome, which leads to an increase in 
surface roughness, and therefore the µ increases. Figure 7.35 highlights that a higher 
contact load (18 N) leads to smaller and more stable values of friction coefficient, since 
the increase in FT  is lower than that in FN when the applied force increases. Thus, the 
highest load of 18 N is selected as the force to be applied in the next analyses. The friction 
coefficients measured for Cr-based WC hardmetals with extra 0.5, 1, and 2 wt.% C 
contents are in the range of 0.27-0.30, 0.34-0.36, and 0.43-0.51, respectively, since the 
different phases existing in each material have a distinctive effect on the friction 
coefficient [44]. (Cr,Fe)7C3 and graphite exist in the Cr-based WC hardmetals with extra 
1 and 2 wt.% carbon contents, respectively, which increases the FT due to their lower 
levels of hardness compared to that of WC, finally leading to the increase of the friction 
coefficient.  
 
Figure 7.35. Friction coefficient as a function of time for two different contact loads (15 N and 18 N) in 
Cr-based WC hardmetals with different C contents tested using an alumina ball, a frequency of 5 Hz, and 
stroke length of 5 mm for 30 min. 
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Visual observations after the wear sliding tests reveal a smooth and bright appearance of 
the wear track in all tested samples, indicating that the surfaces of Cr-based WC 
hardmetals have been ploughed by the alumina ball during the wear sliding. SEM and 
EDX analyses are performed on the worn surfaces to obtain more information of the wear 
process followed. Figure 7.36 illustrates general images of the worn surfaces and a higher 
magnification of the central part in the wear track.  
 
Figure 7.36. BSE and SE images of the wear track generated in Cr-based WC hardmetals with extra 0.5, 1 
and 2 wt.% C contents after wear tests with a load of 18 N, frequency of 5 Hz, stroke length of 5 mm, and 
time of 30 min. General view images of wear track on the left and higher magnification of the central part 
in wear track (white square area) on the right. EDX point analyses are carried out on the positions of 
number 1, 2, and 3. 
From the general view of the wear tracks, a slight decrease of wear track width with the 
increase of the carbon content (the distance between two white dashed lines in Figure 
7.36) is found for Cr-based WC hardmetals. The width varies from value around 200 µm, 
in samples with extra 0.5 wt.% C content, to around 170 µm and 165 µm, in samples with 
extra 1 and 2 wt.% C contents, respectively. This phenomenon can be explained by the 
occurrence of different mechanisms: abrasive wear, adhesion of wear debris layers, soft 
phase removal, and grain cracking. The parallel grooves in all the wear tracks point out 
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that the abrasive wear mechanism is dominant in all Cr-based WC hardmetals. The Cr-
based WC hardmetal with an extra 0.5 wt.% C content has the highest hardness, as 
previously reported, which leads to an increase in the wear track width due a higher 
volume loss coming from the alumina ball. The BSE and SE micrographs in the central 
part of the worn surface in the Cr-based WC hardmetals with extra 0.5 and 1 wt.% C 
contents show the adhesion of the wear debris layers in grey color. Actually, the existence 
of thin wear debris layers on the surface of hardmetals protects the Cr-based WC 
hardmetals, leading to an improvement of their wear resistance. BSE and SE micrographs 
of worn surface in Cr-based WC hardmetals with extra 2 wt.% C content, present micro 
cracks and surface removal of the soft graphite. The removal of the binder and/or graphite 
phase increases the tangential friction force, leading to a higher friction coefficient, which 
explains the trend followed by the friction coefficient displayed in Figure 7.35.  
EDX spectrum 1, taken in the worn surface of the Cr-based WC hardmetal with an extra 
0.5 wt.% content, reveals the existence of  W, Al, Cr, O, Fe and C, as shown in Figure 
7.37. It is indicating that the wear surface is enriched in Al and O content, coming from 
the alumina ball. Therefore, the worn track surface turns to be covered with a thin Al2O3 
wear debris layer, separating the Cr-based WC hardmetal from the count sliding ball. 
 
Figure 7.37. EDX analyses on wear tracks corresponding to Cr-based WC hardmetals with extra 0.5, 1, 
and 2 wt.% C contents, respectively. 
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It is worth noting that a similar EDX spectrum is obtained in the wear track of the Cr-
based WC hardmetal with an extra 1 wt.% C content (spectrum 2). The spectrum 3, taken 
in the crack region of the hardmetal with extra 2 wt.% content, reveals more quantity of  
C and O, and less Al since graphite is being removing from the bulk material and probably 
it is covering the wear track. In fact, the micro-cracks presented in this hardmetal are 
induced by tangential stresses due to the reciprocal sliding contact pressure exerted by 
the alumina ball, which leads to the removal of the soft graphite.  
7.5.1.2 Volume loss and wear rate 
All samples undergo wear sliding tests for 30 min (a total sliding distance of 90000 mm) 
to ensure that the wear process has reached a steady-state condition and to enable post-
mortem assessment of the wear volume loss values. The 3D topographies of the wear 
tracks are obtained by profilometry. Then at least three 2D profiles are taken from the 3D 
topographies to obtain the average wear loss area ( !"""") and the average width of each 
track (#$ ).%The values of average depth %(&$), average wear loss area ( !"""")%, average 
volume loss ('*""""), and average wear rate (#+"""")%are calculated according to the equations 
mentioned in Section 3.9.  
Figure 7.38 shows the 3D topographic images of the worn surfaces for Cr-based WC 
hardmetals with different extra C contents after dry sliding tests. The X, Y, and Z axes 
represent the direction corresponding to the width, length, and depth of the wear track, 
respectively. The different colors in the topographic images are related to the distribution 
of heights: red represents the highest height, while purple indicates the lowest height. As 
expected, severe parallel grooves are observed in the wear tracks since abrasion wear is 
the main mechanism for the surface sliding against alumina ball. Figure 7.38(c) shows 
that the worn surface of the Cr-based WC hardmetal with extra 2 wt.% C content exhibits 
the narrowest and deepest wear track, whereas the Cr-based WC hardmetal with an extra 
0.5 wt.% C content has the widest and shallowest one, as shown in Figure 7.38(a). 
Therefore, Figure 7.38 suggests that the volume loss of Cr-based hardmetals increases 
with the increase of the extra carbon content from 0.5 to 2 wt.%. In order to calculate the 
value of the volume loss, the unworn surface is set as a regular basis, where the depth is 
zero. At least three intersection lines are used to obtain the profile of the wear track. Then, 
the software installed in the profilometer equipment can automatically measure the 
average width and area of each profile obtained from the wear track. 
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Figure 7.38. 3D topographic images showing the wear tracks of Cr-based WC hardmetals with different 
extra C contents after dry sliding tests with a load of 18 N, frequency of 5 Hz, stroke length of 5 mm, and 
time of 30 min: (a) 0.5 wt.% C, (b), 1 wt.% C, and (c) 2 wt.% C. 
Figure 7.39 presents the wear track profiles taken in three different intersection lines and 
the corresponding optical images of the wear tracks in Cr-based WC hardmetals with 
different extra C contents after dry sliding tests. The average width of the track and the 
average wear loss area of each profile are measured by surface profilometry, and results 
are listed in Table 7.6. This table summarises the average width, loss area, depth, wear 
volume loss, and wear rate values calculated for all the Cr-based WC hardmetals tested 
during 30 min against an alumina ball with a load of 18 N, frequency of 5 Hz, and stroke 
(b)
(c)
(a)
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length of 5 mm. The lowest depth and volume loss are achieved by the Cr-based WC 
hardmetal with an extra 0.5 wt.% C content, whereas the highest values occur for the Cr-
based WC hardmetal with an extra 2 wt.% C content, which is in full agreement with the 
microstructural surface analyses and 3D topographic images previously shown. The 
volumetric wear rates of Cr-based WC hardmetals with extra 0.5, 1 and 2 wt.% C contents 
vary between 5.8-6.2 ×10-11,  7.2-7.7×10-11, and 10.6-11.7×10-11 mm3/mm, respectively.  
Therefore, these results remark that the Cr-based WC hardmetal with an extra 0.5 wt.% 
carbon content has the highest wear resistance, which is well consistent with the existence 
of a uniform nanosized WC grain distribution, with the smallest WC size (around 100 
nm), and with the avoidance of graphite.  
 
Figure 7.39. Representative wear track profiles and corresponding optical images of Cr-based WC 
hardmetals with different extra C contents after dry sliding tests with a load of 18 N, frequency of 5 Hz, 
stroke length of 5 mm, and time of 30 min: (a) 0.5 wt.% C, (b) 1 wt.% C, and (c) 2 wt.% C. 
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Table 7.6 Wear data obtained for Cr-based WC hardmetals with extra 0.5, 1, and 2 wt.% C contents tested 
with a load of 18 N, frequency of 5 Hz, and stroke length of 5 mm against alumina ball. 
Cr-based WC 
hardmetals with 
different C contents 
Width 
#$  (µm) 
Loss area 
  !"""" (µm
2) 
Depth 
 &$ (µm) 
Volume loss 
 '*"""" (10-6 mm3) 
Wear rate 
#+""""%(10
-11 mm3/mm) 
0.5 wt.% C 
217.4±3 1047.6±226 4.7±0.2 5.2±0.2 5.8±0.1 
212.2±5 1107.7±326 5.2±0.4 5.6±0.4 6.2±0.2 
192.7+7 1007.7±287 5.1±0.2 5.1±0.2 5.8±0.1 
1 wt.% C 
173.6±4 1407.6±187 8.1±0.2 7.0±0.4 7.7±0.3 
178.0±5 1307.7±214 7.3±0.2 6.5±0.3 7.2±0.2 
180.6±3 1387.1±314 7.6±0.2 6.9±0.1 7.6±0.2 
2 wt.% C 
169.0±4 2047.6±385 12.0±0.4 9.5±1.0 10.6±0.4 
153.9±5 2243.7±585 14.5±0.2 9.6±1.2 10.7±0.4 
170.0±3 2368.5±701 13.9±0.8 10.5±0.5 11.7±0.6 
Many investigations reported that the wear resistance performance depends on hardness 
[36], [39-40]. Figure 7.40 shows the relationship among volume loss, wear rate, and 
hardness for Cr-based WC hardmetals. Both volume loss and wear rate clearly decrease 
with the increase of the hardness. Thus, in this work the Cr-based WC hardmetal with the 
highest hardness (extra 0.5 wt.% C content) leads to the highest wear resistance.  
 
Figure 7.40. Volume loss and wear rate against hardness after dry sliding tests with a load of 18 N, 
frequency of 5 Hz, stroke length of 5 mm, and time of 30 min in Cr-based WC hardmetals with extra 0.5, 
1, and 2 wt.% C contents. 
Figure 7.41 shows the wear rate comparison between Cr-based WC hardmetals and some 
commercial Co-based WC hardmetals. The corresponding wear rates of Co-based WC 
hardmetals are transformed into the same unit (10-11 mm3/mm) [43]. Cr-based WC 
hardmetals exhibit better wear resistance performance than Co-based WC hardmetals, 
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even considering that these Co-based WC hardmetals have a higher content of WC (90 
wt.%) than the Cr-based WC hardmetals (83.2 wt.%).  As mentioned before, the wear 
resistance depends on the content of WC, microstructure, WC grain size and its 
distribution, increasing dramatically as WC grains size is reduced. Cr-based WC 
hardmetals have a uniform distribution of nanosized WC grains, leading to a superior 
wear resistance performance. Among these Cr-based WC hardmetals, Figure 7.41 shows 
that the Cr-based WC hardmetals with extra 1 and 2 wt.% carbon additions exhibit a 
higher wear rate than hardmetal with extra 0.5 wt.% C content, due to the increase of the 
WC grain size and also to the existence of (Cr,Fe)7C3 or graphite. 
 
Figure 7.41. Wear rate comparison between Cr-based WC hardmetals and Co-based WC hardmetals [43]. 
The previous findings point out that the wear performance of Cr-based WC hardmetals is 
primary controlled by abrasive wear. Both wear volume loss and wear rate increase with 
the decrease of hardness. The existence of Al2O3 in the surface of the wear tracks confirms 
that the adhesion of wear debris layers takes place on the Cr-based WC hardmetals, which 
is beneficial to improve the wear resistance. Micro-cracks and some surface soft phase 
removals are detected in the Cr-based WC hardmetal with an extra 2 wt.% content. The 
uniform distribution of nanosized WC grain size in Cr-based WC hardmetals is the key-
reason for achieving an excellent wear behaviour, even compared to WC-Co hardmetals 
with a higher content of WC hard phase.    
7. Cr-based hardmetals consolidated by spark plasma sintering 
 
160 
 
7.5.2 Dry ball-on-plate system with Wazau tribometer 
7.5.2.1 Friction coefficient and wear surface analyses 
Dry ball-on-plate tests are also performed using a Wazau TRM2000 tribometer and under 
more aggressive experimental conditions. A WC-6wt.%Co ball (diameter of 10 mm) is 
rubbed in oscillating movement against Cr-based WC hardmetals (20×6.5×6 mm). These 
tests are performed in ambient air (20±2 °C, humidity 55%), under 50 N load, at a 
frequency of 2.5 Hz, and the stroke length of 10 mm for 60 min. The total sliding distance 
is fixed to 100000 mm. In order to study the friction condition of imposed normal contact 
force on Cr-based WC hardmetals, Figure 7.42 shows the evolution of the friction 
coefficient (µ) against time in Cr-based WC hardmetals. A similar trend in the friction 
coefficient is observed during the sliding process in all the samples evaluated. The friction 
coefficient increases quickly in the initial stage due to the increase of the ball-on-disc 
contact area, and then becomes stable, since the friction force achieves a constant value 
in the smooth wear track after polishing away the original surface roughness [42]. The 
friction coefficient in the Wazau tribometer is lower than that in Bruker tribometer, since 
the difference in hardness between WC-Co material and tested samples is smaller than 
that between Al2O3 material and tested samples. The friction coefficient of Cr-based WC 
hardmetals increases again slightly with the increase of the C content, as a consequence 
of the existence of larger WC grains and the presence of (Cr,Fe)7C3 or graphite, which is 
in agreement with the previous results obtained after the tests in the Bruker tribometer.  
 
Figure 7.42. Friction coefficient (µ) against time in Cr-based WC hardmetals with different extra C 
contents tested using a WC-Co ball with a load of 50 N, frequency of 2.5 Hz, and stroke length of 10 mm 
for 60 min. 
7. Cr-based hardmetals consolidated by spark plasma sintering 
 
161 
 
A smooth and bright wear track is found by visual observation on the surface of each Cr-
based WC hardmetal after wear sliding tests. In order to further study the wear surface of 
Cr-based WC hardmetals, Figure 7.43 shows general images of the worn surface and 
images with a higher magnification of the central part in the wear track. From the general 
view of the wear track, it can be concluded that the width values (the distance between 
two white dashed lines) are around 225 µm in all Cr-based hardmetals due to the similar 
hardness of counter material and tested samples. The abrasive wear mechanism is also 
dominant in all Cr-based WC hardmetals, as indicated by the parallel grooves observed 
in the wear tracks. Adhesion of debris wear layers takes place in all samples, as suggested 
by the existence of WC-Co layers. The Cr-based WC hardmetal with an extra 1 wt.% 
carbon content has suffered the removal of material, whereas it was not detected during 
Bruker tests. This phenomenon can be attributed to more severe wear conditions, which 
may cause the removal of the (Cr,Fe)7C3 phase. Growth of cracks and surface phase 
removal are detected in the Cr-based WC hardmetal with an extra 2 wt.% carbon content 
due to the existence of soft graphite phase. 
 
Figure 7.43. BSE and SE images of the wear track generated in Cr-based WC hardmetals with extra 0.5, 
1, and 2 wt.% C contents after wear tests with a load of 50 N, frequency of 2.5 Hz, stroke length of 10 
mm, and time of 60 min. General view images of wear track on the left and higher magnification of the 
central part in the wear track (white square area) on the right. 
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EDX spectra are obtained in the surface of Cr-based WC hardmetals to identify the 
composition of the debris layers and the composition near the cracks. Figure 7.44 shows 
that EDX spectrum 1, taken on the worn surface of the Cr-based WC hardmetal with an 
extra 0.5 wt.% C content, is enriched in Co and W, which demonstrates the existence of 
a WC-Co debris layer. This WC-Co layer is beneficial to improve the wear resistance. 
The EDX spectra 2 and 3 are taken near the cracks and they confirm the existence of 
(Cr,Fe)7C3 and graphite in the Cr-based WC hardmetals with extra 1 and 2 wt.% C 
contents, respectively, which may explain the phase removal and the crack growth. 
 
Figure 7.44. EDX analyses on wear track corresponding to Cr-based WC hardmetals with extra 0.5, 1, 
and 2 wt.% C contents, respectively. 
7.5.2.2 Volume loss and wear rate 
The method mentioned in section 3.9 is also used to calculate the volume loss and wear 
rate of Cr-based WC hardmetals after dry sliding wear tests using a load of 50 N, a 
frequency of 2.5 Hz, a stroke length of 10 mm, and a time of 60 min. Figure 7.45 presents 
the 3D topographic images of the worn surface for Cr-based WC hardmetals tested against 
a WC-Co ball. It clearly shows that the depth of the crack increases with the increase of 
the C content, whereas the width keeps a similar value.  Hence, the volume loss of Cr-
based WC hardmetals increases with the increase of the C content, which is consistent 
with the results obtained in the Bruker system. In order to calculate the values of volume 
loss and wear rate, three intersection lines are taken across the wear tracks.   
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Figure 7.45. 3D topographic images showing the wear tracks of Cr-based WC hardmetals with different 
extra C contents after dry sliding tests with a load of 50 N, frequency of 2.5 Hz, stroke length of 10 mm, 
time of 60 min: (a) 0.5 wt.% C, (b), 1 wt.% C, and (c) 2 wt.% C. 
Figure 7.46 shows the wear track profiles and the corresponding optical images obtained 
in Cr-based WC hardmetals with different extra C contents after dry sliding tests. Table 
7.7 summarises all the wear data measured.  The wear rates of Cr-based WC hardmetals 
with extra 0.5, 1, and 2 wt.% C contents are 7.0 ±0.1×10-11,  12.8 ±0.3 ×10-11, and 20.4 
±0.4×10-11 mm3/mm, respectively. 
(c)
(b)
(a)
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Figure 7.46. Representative wear track profiles and corresponding optical images of Cr-based WC 
hardmetals with different extra C contents after dry sliding tests with a load of 50 N, frequency of 2.5 Hz, 
stroke length of 10 mm, and time of 60 min: (a) 0.5 wt.% C, (b) 1 wt.% C, and (c) 2 wt.% C. 
Table 7.7 Wear data obtained for Cr-based WC hardmetals with extra 0.5, 1, and 2 wt.% C contents tested 
with a load of 50 N, frequency of 2.5 Hz, and stroke length of 10 mm against a WC-6Co ball. 
Cr-based WC 
hardmetals with 
different C contents 
Width 
#$  (µm) 
Loss area 
  !"""" (µm
2) 
Depth 
 &$ (µm) 
Volume loss 
 '*"""" (10-6 mm3) 
Wear rate 
#+""""%(10
-11 mm3/mm) 
0.5 wt.% C 
224.4±4 702.1±26 2.3±0.1 7.1±0.2 7.0±0.1 
212.2±5 687.2±32 2.4±0.3 6.9±0.4 6.9±0.2 
192.7+7 697.0±27 2.5±0.2 7.0±0.2 7.0±0.1 
1 wt.% C 
224.1±4 1245.7±57 3.1±0.2 12.5±0.4 12.5±0.3 
234.5±5 1307.7±42 3.2±0.2 13.1±0.3 13.1±0.2 
220.7±3 1287.4±34 3.3±0.2 12.9±0.4 12.9±0.2 
2 wt.% C 
222.5.±4 1929.2±85 4.3±0.4 19.3±0.5 19.3±0.3 
233.9±5 2049.3±55 4.5±0.2 20.5±0.8 20.5±0.4 
225.0±3 2074.3±71 4.4±0.3 20.7±0.7 20.7±0.3 
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Finally, Figure 7.47 shows a histogram including the wear rates of Cr-based WC 
hardmetals obtained from both Bruker and Wazau tribometer tests, and the wear rates of 
some Co-based WC hardmetals found in the literature [43]. Cr-based WC hardmetals 
show higher wear rates under the conditions applied in Wazau tribometer than those in 
Bruker tribometer, due to the application of more severe wear conditions, including a 
higher applied load (50 N), a longer time (60 min), and a harder counter material (WC-
6Co). The wear rate of Cr-based WC hardmetals increases with the increase of the C 
content due to the reduction of the hardness. Anyway, the Cr-based hardmetal with an 
extra 0.5 wt.% carbon content exhibits a much lower wear rate than Co-based WC 
hardmetals tested under similar dry ball-on-plate wear conditions, even considering that 
these Co-based WC hardmetals have a higher WC content (90 wt.%) than Cr-based WC 
hardmetals (83.2 wt.%). The combination of a nanosized WC grain and the avoidance of 
(Cr,Fe)7C3 or graphite phases leads to a superior wear performance. Thus, the use of Cr-
based binders in the hardmetal industry, alternatively to Co-based binders, is promising 
in applications in which high wear resistance is needed. Due to the combination of high 
wear resistance and oxidation resistance, Cr-based WC hardmetals will be useful for 
applications in which both high oxidation and good wear resistances are needed. 
 
Figure 7.47. Wear rate comparison between Cr-based WC hardmetals (Bruker and Wazau tribometer test) 
and Co-based WC hardmetals [43]. 
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7.6 Summary and conclusions 
Cr-based WC hardmetals with the designed compositions are consolidated by spark 
plasma sintering under solid-state sintering. The sintering parameters are optimised based 
on their effects on shrinkage, phase formation, microstructure, density and mechanical 
properties. A high heating rate (400 °C/min), a long holding time (10 min), and a high 
applied pressure (80 MPa) during sintering, are beneficial parameters to improve the 
densification while maintaining a nanosized WC grain. The use of a W foil during SPS is 
useful to prevent the C diffusion from the graphite tools to the samples, leading to a good 
control of the final carbon content. The addition of a small content of iron as spherical 
carbonyl iron powder (CIP) improves the densification and limits the growth of the WC 
grain. Therefore, the hardness and fracture toughness values increase with the increase of 
the Fe content due to two facts: (i) the CIP powder helps improving the sinterability, since 
it has a high specific surface energy, leading to a higher hardness and fracture toughness; 
(ii) the growth of WC grain size is inhibited with the increase of the iron content due to 
the formation of Fe3W3C and Fe6W6C. The Cr-based WC hardmetal with extra 3 wt.% 
Fe content exhibits a high hardness value of 1910 HV30 and a fracture toughness value 
of 6.5 MPam1/2. However, the extra 3 wt.% Fe content also induces the formation of brittle 
ŋ-phase, which limits the further improvement of the fracture toughness.  
In order to further improve the toughness values, without losing oxidation and wear 
resistances, the effect of the addition of C to Cr-based WC hardmetals with extra 3 wt.% 
Fe content on the microstructure and properties is characterised by means of analysing 
the phase formation, microstructure, density, hardness and fracture toughness. The main 
conclusions achieved point out that the addition of 0.5 wt.% C reduces the formation of 
ŋ-phase and extra 1 and 2 wt.% C additions induce the formation of (Cr,Fe)7C3 and 
graphite, respectively. The real total C contents of Cr-based WC hardmetals with extra 
0.5, 1, and 2 wt.% C additions are measured to be 5.6, 6.2, and 6.9 wt.% C, respectively, 
by using LECO technique. The Cr-based WC hardmetal with extra 3 wt.% Fe content and 
extra 0.5 wt.% C content reaches the best combination of hardness and fracture toughness 
(2219 HV30 and 8.2 MPam1/2). The extremely high hardness reached comes from the 
uniform distribution of nanosized WC grain (average size of 100 nm). On the other hand, 
the inhibition of the formation of ŋ-phase contributes to the good fracture toughness, 
together with the high densification achieved. At this point, it is worth mentioning that 
another key point in the achievement of a good toughness in all these Cr-based WC 
7. Cr-based hardmetals consolidated by spark plasma sintering 
 
167 
 
hardmetals is based on the formation of a thin (W,Cr)2C carbide between  the WC and 
Cr2O3 phases. These properties are promising in comparison to those of Co-based WC 
hardmetals, considering that the volume fracture of WC reinforcement is only 70 %, 
which is lower than 80 % existing in the commercial Co-based WC hardmetals. Then, the 
Cr-based WC hardmetals with extra 0.5, 1, and 2 wt.% C contents are further 
characterised by nanoindentation tests, compressive tests at different temperatures (RT, 
300 °C, and 600 °C), oxidation studies using a TGA equipment and three different 
temperatures (750, 800, and 850 °C) and also using a furnace at 900 °C, and wear tests 
under two different experimental conditions.  
The nanoindentation tests show that the nanohardness values decrease with the increase 
of the C content, which also is in accordance with the Vickers hardness results. The 
Young’s modulus of Cr-based WC hardmetals with 0.5, 1, and 2 wt.% carbon contents 
are calculated to be to 456.0 GPa, 337.2 GPa, and 405.4 GPa, respectively, which are 
comparable data to those of WC-Co hardmetals (ranging from 350 to 700 GPa). 
The compressive tests demonstrate that the maximum stress and strain reached by the Cr-
based WC hardmetals decrease with the increase of temperature, since the Cr-based 
binder becomes softer and the tested materials tend to be oxidised at elevated temperature. 
Another main conclusion drawn from the compressive tests, is that the maximum stress 
and strain decrease with the increase of the carbon content due to the decrease of the 
relative density, the increase of the WC grain size and the formation of (Cr,Fe)7C3 or soft 
graphite phases, which speeds up the crack propagation. Hence, the Cr-based WC 
hardmetal with an extra 0.5 wt.% carbon content has the highest compressive strength 
from RT (1600 MPa) to 600 °C (1100 MPa). 
The oxidation tests show that all Cr-based WC hardmetals achieve a higher oxidation 
resistance than Co-based and Ni-based WC hardmetals under the same oxidation 
conditions, mainly due to their higher activation energy. The oxidation resistance 
decreases with the increase of the C content and temperature. Among all these Cr-based 
WC hardmetals, the Cr-based WC hardmetal with an extra 0.5 wt.% C content has the 
highest activation energy (269 kJ/mol) for oxidation, which makes this material very 
promising in applications where a high oxidation resistance is demanded. 
The wear tests demonstrate that wear mechanism in Cr-based WC hardmetals is primarily 
determined by abrasive wear. Adhesion of debris wear layers, soft phase removals, and 
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cracks are confirmed due to the existence of a thin counter material layer, the detection 
of removed soft phases, and identification of cracks in the microstructure. The adhesion 
of debris wear layers is beneficial for improving the wear resistance due to the protection 
of the samples from the sliding materials. The wear rate of Cr-based WC hardmetals 
increases with the increase of the C content due to the reduction of the hardness as a 
consequence of the growth of the WC grains and to the existence of phases softer than 
WC, such as (Cr,Fe)7C3 or graphite. Again, the Cr-based WC hardmetal with an extra 0.5 
wt.% C content exhibits the highest wear resistance and even better wear behaviour than 
Co-based WC hardmetals, under similar wear conditions, due to the uniform distribution 
of nanosized WC grains and to the avoidance of (Cr,Fe)7C3 and graphite in its 
microstructure.  
Finally, SPSed Cr-based WC hardmetals have achieved a better combination of hardness 
and fracture toughness than LPSed hardmetals, which is in good accordance with the 
assumption that SPS technique may help limit the growth of WC and other brittle carbides. 
The developed novel Cr-based WC hardmetal with extra 3 wt.% Fe and 0.5 wt.% C 
contents has superior performance than commercial Co-based WC hardmetals, 
particularly in terms of oxidation resistance and wear resistance. In addition, the fracture 
toughness and hardness values achieved by this hardmetal are in the range of those 
reported for nanosized Co-hardmetals [13]. Furthermore, this Cr-based WC hardmetal 
will have a lower price and less toxicity than Co-based WC hardmetals. Therefore, Cr-
based WC hardmetals seem to possess a bright future in the cutting tool industry, in 
applications in which both high oxidation resistance and wear resistance are required.   
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8. Final conclusions 
This doctoral thesis has been devoted to the development of Cr-based WC hardmetals 
using a combination of thermodynamic modelling and experimental studies. The alloy 
design of Cr-based WC hardmetals is supported by Thermo-Calc. The designed Cr-based 
WC hardmetals are processed by a powder metallurgy (PM) route, including mechanical 
milling (MM) and two different sintering techniques: liquid phase sintering (LPS) and 
spark plasma sintering (SPS). The following main conclusion can be drawn from this 
investigation: 
- The viability of processing new Cr-based WC hardmetals by a solid-state sintering 
technique, as it is the particular case of SPS, with an optimal hardness to toughness 
relationship and outstanding oxidation and wear resistances, is assessed in this 
research. Thus, the exceptional combination of oxidation resistance and wear 
resistance values reached may lead to a future replacement of conventional Co-based 
WC hardmetals in those applications in which very oxidising environments or 
aggressive wear conditions are applied simultaneously. 
In addition, other important partial conclusions of this work are summarised as follows: 
1) The use of thermo-Calc allows the study of the effect of adding extra Fe or Fe/C 
contents on the phase diagram of the W-C-Cr-Fe system. The formation of WC, W2C, 
M7C3 and α phases is found in the equilibrium phase diagram of this system, when 
the percentage of volume fraction corresponding to WC is 70% (78.1 wt.% of W, 5.1 
wt.% of C, 12 wt.% of Cr and 4.8 wt.% of Fe). Extra Fe contents in the system (0-5 
wt.%) favour the sinterability of Cr-based WC hardmetals due to the high specific 
surface energy of the carbonyl Fe powder, and to the reduction of the melting point. 
However, the addition of extra 1-3 wt.% Fe contents and 5 wt.% Fe contents induces 
the formation of brittle M6C carbide and M23C6 carbide, respectively, which are 
harmful phases that reduce the fracture toughness. In order to develop Cr-based WC 
hardmetals without decreasing significantly the Cr content, avoiding the loss of 
oxidation and wear resistances, the W-C-Cr-Fe system with extra 3 wt.% Fe content 
is selected as the optimised system to study the possibility of enhancing the toughness 
by adding carbon. Indeed, the addition of an extra 0.5 wt.% C content inhibits the 
formation of the M6C carbide, which is beneficial for improving the toughness. On 
the other hand, the addition of an extra 1 wt.% C content induces the transformation 
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of W2C into WC and M7C3 into M3C2, which is beneficial for enhancing the hardness. 
Finally, the addition of an extra 2 wt.% C content induces the formation of a soft 
graphite phase, which obviously decreases the hardness of these hardmetals.  
2) The experimental studies demonstrate that the milling process of the Cr-based WC 
hardmetal powder belongs to a brittle-ductile mechanism, in which the brittle WC 
particles are homogenously distributed in the soft Cr-based matrix. The particle size 
and the crystalline size decrease, while the internal microstrain increases, with the 
milling time. The Cr-based WC powder after 20 h of milling at 350 rpm is adequate 
for the subsequent sintering step, since this powder is round and fine, with a 
homogenous microstructure and good crystalline size and microstrain parameters.  
3) Cr-based WC hardmetals designed by thermodynamic modelling are processed by 
liquid phase sintering at 1450 °C for 30 min. Extra Fe additions improve the 
densification and induce the growth of the WC grain size due to the high surface 
energy introduced by the fine and round carbonly iron powder and to the reduction 
of the melting point of the system. XRD analyses confirm the formation of (W,Cr)2C, 
Fe3W3C and Fe21W2C6 phases, which are also predicted by the thermodynamic 
modelling. The formation of Cr2O3 is obviously not expected from the simulation 
results due to the modelling of a quaternary W-C-Cr-Fe system without oxygen. XRD 
and microstructural analyses confirm its formation due to the strong affinity of Cr to 
O at high temperature, since some limited O content inevitably exists in the real 
sintering environment. The Cr-based WC hardmetal with an extra 3 wt.% Fe content 
achieves the best hardness and fracture toughness values. Therefore, the Cr-based 
WC hardmetal with an extra 3 wt.% Fe content is selected as the precursor for further 
studying the effect of adding different carbon contents.  
4) Indeed, the extra C addition prevents the formation of the undesirable h-phase 
(Fe3W3C) in the LPSed hardmetals and induces the transformation of W2C into WC, 
which improve the mechanical properties. XRD and microstructural analyses 
confirm that Cr2O3 also disappears with an extra C addition, since C could remove 
most oxides by forming gaseous CO/CO2. More importantly, an extra 1 wt.% C 
content induces the formation of Fe21W2C6 and Cr7C3 phases, limiting the growth of 
WC grains and leading to a fine WC homogenously distributed within Cr-based 
binder. On the other hand, an extra 2 wt.% C content induces the growth of these two 
carbides, leading to a heterogeneous microstructure and, consequently, a reduction 
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of toughness is found. Therefore, the LPSed Cr-based WC hardmetal with extra 3 
wt.% Fe and 1 wt.% C contents achieves the best mechanical properties (1647 HV30 
and 6.0 MPam1/2) due to the improved densification and to its homogenous 
microstructure with small WC grain size (<1 µm). However, the toughness achieved 
is still not enough high, mainly due to the existence of big brittle carbides such as 
Fe21W2C6 and Cr7C3. Thus, the viablity of consolidating Cr-based WC hardmetals by 
a fast solid-state-processing is subsequently evaluated, in order to prevent or limit 
the formation of undesirable brittle carbides and to further improve the fracture 
toughness by reducing the growth of the microstructure.  
5) Cr-based WC hardmetals with the designed compositions are also processed by spark 
plasma sintering under solid-state conditions. The study of different sintering 
parameters reveals that a higher heating rate (400 °C/min), a longer holding time (10 
min), and a higher applied pressure (80 MPa) are beneficial conditions to enhance 
the densification of the final sample. Again, the addition of a round and fine carbonyl 
iron powder improves the densification by favoring the sintering and limits the 
growth of the WC grain due to the formation of Fe6W6C and Fe3W3C carbides. Hence, 
the hardness and fracture toughness values increase with the increase of the Fe 
content. The Cr-based WC hardmetal with an extra 3 wt.% Fe content exhibits a high 
hardness value of 1910 HV30 and a fracture toughness value of 6.5 MPam1/2. 
However, the extra 3 wt.% Fe content also induces the formation of brittle Fe3W3C 
phase, which limits the further improvement of the fracture toughness.  
6) In order to further improve the toughness without losing hardness, different extra 
carbon contents are added into Cr-based WC hardmetals with extra 3 wt.% Fe content. 
The addition of 0.5 wt.% C reduces the formation of the h-phase (Fe3W3C), whereas 
extra 1 wt.% and 2 wt.% C contents also avoid the h-phase formation but, as a 
negative effect, these carbon contents induce the formation of (Cr,Fe)7C3 and 
graphite, respectively. The real total carbon contents in Cr-based WC hardmetals 
with an extra 0.5 wt.%, 1 wt.% or 2 wt.% C content are measured to be 5.6 wt.%, 6.2 
wt.%, and 6.9 wt.% C, respectively. The Cr-based WC hardmetal with extra 3 wt.% 
Fe and 0.5 wt.% C contents has achieved the best hardness and fracture toughness 
relationship (2219 HV30 and 8.2 MPam1/2). This extremely high hardness comes 
from the uniform distribution of nanosized WC grain (average grain size of 100 nm), 
whereas the inhibition of the Fe3W3C formation, together with the formation of a thin 
(W,Cr)2C phase along the interfaces between WC and Cr2O3, contribute to the good 
fracture toughness achieved. 
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7) Then, other mechanical properties of SPSed Cr-based WC hardmetals, such as 
nanoindentation tests and compressive tests, are evaluated. Furthermore, their 
oxidation resistance and wear performance are assessed in order to study the viability 
of using these innovative hardmetals in cutting tools.  
8) The nanoindentation tests prove that the nanohardness decreases with the increase of 
the carbon content. The Young’s modulus of Cr-based WC hardmetals with 0.5 wt.%, 
1 wt.%, and 2 wt.% C contents are calculated as 456.0 GPa, 337.2 GPa, and 405.4 
GPa, which are comparable values to those presented by commercial WC-Co 
hardmetals (ranging values from 350 to 700 GPa). 
9) The compressive tests demonstrate that the maximum stress and strain reached by 
Cr-based WC hardmetals decrease when the temperature increases and also with the 
increase of the carbon content due to different factors: the density decreases together 
with an increase of the WC grain size and (Cr,Fe)7C3 (1 wt.% extra carbon) or 
graphite (2 wt.% extra carbon) are formed. The Cr-based WC hardmetal with an extra 
0.5 wt.% carbon content has the highest compressive strength (around 1600 MPa at 
RT). 
10) The oxidation tests show that all Cr-based WC hardmetals achieve significant higher 
oxidation resistances than Co-based and Ni-based WC hardmetals under the same 
conditions, mainly due to their high activation energy for oxidation. Among these 
Cr-based WC hardmetals, the hardmetal with the lowest extra carbon content (0.5 
wt.%) has the highest activation energy (269 kJ/mol) for oxidation, which leads to 
the lowest mass gain and makes this sample very useful in applications where a high 
oxidising environment is present.   
11) The dry ball-on-plate wear tests demonstrate that the wear mechanism in Cr-based 
WC hardmetals is determined by abrasive wear, producing adhesion of debris layers, 
soft phase removals and cracks growth. The adhesion of wear debris layers is 
beneficial for improving the subsequent wear due to the protection of the tested 
samples from the sliding materials. The wear rate of Cr-based WC hardmetals 
increases with the increase of the carbon content, as a result of the reduction of the 
average hardness within the bulk. Again, the Cr-based WC hardmetal with an extra 
0.5 wt.% carbon content exhibits the highest wear resistance and it is remarkable that 
its value is much higher than those reported for commercial Co-based WC hardmetals 
under similar wear conditions, which also makes this material very interesting for 
applications under aggressive wear conditions. 
8. Final conclusions 
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As a summary of the conclusions, it should be noted that the Cr-based WC hardmetal 
with extra 3 wt.% Fe and 0.5 wt.% C contents achieves the best comprehensive 
performance including mechanical properties, oxidation resistance and wear resistance. 
These good properties are mainly due to the existence of a homogenous microstructure 
comprising nanosized WC, binder Cr-based alloy, thin (W,Cr)2C carbide and Cr2O3 oxide. 
Therefore, this novel Cr-based WC hardmetal has demonstrated to possess a great 
potential to be introduced in the cutting tool market in applications in which a 
combination of high oxidation resistance and extreme wear resistance is needed.  
 
 
 
